evidenced by Katori and Hofbauer, and further in view of Barnes, et al., U.S. Patent No. 
5,506,211. 

The Examiner has imposed a new rejection of claims 2-8, 10-11, and 13-22 under 
35 U.S.C. § 103(a) as being unpatentable over Bok, et al., WO 98/16220 ("Bok WO") in 
view of Kim, WO 02/17909 ("Kim") and further in view of Bok, U.S. Patent Application 
Publication 2001/0014669 ("Bok US"). The Examiner has argued that Bok WO teaches 
pharmaceutical compositions comprising hesperidin for inhibiting HMG-CoA reductase 
activity in mammals. The Examiner acknowledges that Bok WO does not teach the use 
of hesperidin in a method for stimulating bone formation and/or inhibiting bone 
resorption and treating associated diseases (Office Action, p. 4). 

In order to overcome this deficiency, the Examiner relies on Kim, which teaches a 

therapeutic agent for osteoporosis comprising quercetin derivatives. Kim's therapeutic 

agent stimulates osteoblast proliferation and inhibits osteoclast proliferation. The 

Examiner has also stated that Bok US teaches a method of inhibiting the activity of HMG 

Co A reductase in mammals with the administration of quercetin. Thus, the Examiner 

concludes as follows: 

"It would have been obvious to one of ordinary skill in the art. . .to have 
employed hesperidin, which is an HMG CoA reductase inhibitor as taught by 
[Bok WO], as a treatment agent for bone disorders, namely osteoporosis. 
One would be motivated to employ hesperidin for such therapeutic 
applications because Kim teaches that quercetin, a bioflavanoid differing 
from hesperidin by a hydroxyl moiety, is employed as a therapeutic agent for 
osteoporosis. The nexus between the two compounds is brought together by 
Bok (US) which teaches that quercetin is also an HMG CoA reductase 
inhibitor. Additionally, as is well known in the art and document by Bok 
(US), quercetin and hesperidin are readily found in citrus fruit. Thus, 
because both hesperidin and quercetin are bioflavanoids and found from the 
same natural sources and further are found to be HMG CoA reductase 
inhibitors, then one would expect, with a reasonable degree of success that if 
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quercetin is an possessing the therapeutic potential of treating osteoporosis, 
then it would be likely that hesperidin would also be likely to have such 
potential and would be equally successful in treating such bone disorders, in 
the absence of unexpected results." 

(Office Action, pp. 5-6). Thus, in essence, the Examiner's position is that (1) Bok WO 
teaches that hesperidin is an HMG CoA reductase inhibitor; (2) Kim teaches that a 
composition comprising quercetin can be used to treat osteoporosis; (3) Bok US teaches 
that quercetin is also an HMG CoA reductase inhibitor, and (4) since quercetin and 
hesperidin are bioflavonoids which only differ by an hydroxyl moiety and which are both 
inhibitors of HMG-CoA, one skilled in the art would expect that the hesperidin is an anti- 
osteoporosis agent. Applicants respectfully traverse. 

First, none of the cited art teaches or alludes that HMG-CoA reductase is involved 
in bone resorption and/or in bone formation. In fact, Bok WO teaches that HMG-CoA 
reductase is involved in hyperlipidemia, artheriosclerosis, angina pectoris, stroke and 
hepatic diseases. Such diseases are clearly different from osteoporosis. Nothing in 
Bok WO, or either of the other references, would lead one of skill in the art to reasonably 
expect that a compound which inhibits HMG-CoA reductase could have an effect on 
bone resorption and/or bone formation. 

Second, contrary to the Examiner's contention, quercetin and hesperidin are 
structurally very distinct. Quercetin is an aglycone flavonol whereas hesperidin is a 
glvcone flavanone . As shown below, hesperidin differs from quercetin by (i) the presence 
of a glycosyl group, by (ii) the presence of a methyl group on one of its phenol functions 
and (iii) by the absence of an enol group (which corresponds to a hydroxyl group 
conjugated with a double bond ): 
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Since hesperidin and quercetin are so structurally distinct, one skilled in the art would not 

reasonably expect that these two molecules would have similar biological profiles, 

particularly with respect to bone resorption and/or bone formation. 

Third, quercetin and hesperidin do in fact have distinct and different biological 

profiles. As expected in view of their different chemical structures, numerous 

publications show that quercetin and hesperidin have different biological activities. 

For example, the following publications, copies of which are attached for the Examiner's 

convenience, show different biological properties for the two compounds: 

aj Choi et al. (The Journal of Nutrition, 2003, 133: 985-991) ("Choi") teaches that 
flavonoids differ in their antiapoptotic efficacy in hydrogen peroxide-treated 
vascular endothelial cell model. The flavanones (hesperidin and naringin) do not 
have cytoprotective effects whereas (-) epigallocatechin gallate and quercetin 
inhibit endothelial apoptosis , enhanced the expression of bcl-2 protein and 
inhibited the expression of bax protein, the cleavage and the activation of caspase- 
3 (see Abstract). In a cell-free system, hesperidin is totally inefficient to scavenge 
DPPH radical (SC5O100 |umol/l) whereas quercetin exhibits a SC50 of 5.0 
Hmol/1 (see Table 1, p. 987). Choi concludes that this endothelial cell model 
demonstrates that there are differences in antiapoptotic capacity among 
flavonoids, which appears to stem from their disparate chemical structures (see 
left column p.990) 



b) Li et al {Drug Metabolism and Disposition, 2007, 35:1203-1208) ("Li") relates to 
the ability of different flavonoids to inhibit esterase. Li teaches that glycoside 
flavonoids such as hesperidin do not inhibit the hydrolysis of PNPA (p- 
nitrophenylacetate) by purified porcine esterase and human liver microsomes 
whereas the flavonoid aglycones such as quercetin, show appreciable inhibition of 
PNPA hydrolysis in purified porcine esterase, and human and rat liver systems 
(see Abstract and Table 1). 

c) Rotelli et al {Pharmacological Research, 2003, 48, 601-606) ("Rotelli") relates to 
the anti-inflammatory activities of flavonols (quercetin, rutin and morin) and 
flavanones (hesperetin and hesperidin) on different animal models of acute and 
chronic inflammation. In the carrageenan-induced paw model, hesperidin has no 
activity whereas quercetin significantly reduces the paw oedema (see Table 1 p. 
603). In the xylene-induced ear swelling model, hesperidin exerts a significant 
anti-inflammatory effect whereas quercetin slightly inhibits the oedema (see Table 
2, p.604). Finally, in the pellet granuloma model, both quercetin and hesperidin 
significantly reduce granuloma formation (see Table 3 p.604). 

In view of the results reported in these papers, it is apparent that the anti- 
inflammatory activities of flavonoid compounds such as quercetin and hesperidin are 
different, unpredictable and uncorrelated. 

Because of the distinct structures and properties of the two compounds, a person 
of skill in the art would consider that the inhibition of HMG-CoA reductase by both 
quercetin and hesperidin is just a coincidence. One skilled in the art would not expect 
with a reasonable degree of success that hesperidin may act as an anti-osteoporosis agent 
even if quercetin does. 
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Finally, it should be emphasized that the activity of quercetin and that of 
hesperidin derivatives on bone metabolism are very different. Applicants have shown that 
hesperidin derivatives do not affect the proliferation of osteoblasts (see Trzeciakiewicz et 
al,J. Agric. Food Chem. 2010, 58, 668-675, (copy attached), Abstract) whereas Kim 
teaches that quercetin stimulates osteoblast proliferation. 

Accordingly, a person of skill in art would not have had any reason to believe, 
based on the disclosures of Bok WO, Kim, and Bok US, that hesperidin would be used in 
a method for stimulating bone formation and/or inhibiting bone resorption. Therefore, 
applicants respectfully request that the § 103 rejection be reconsidered and withdrawn. 

Conclusion 

In view of the foregoing, this application is now in condition for allowance. If 
the examiner believes that an interview might expedite prosecution, the examiner is invited 
to contact the undersigned. 



Respectfully submitted, 




Reg. No. 27,215 



400 Seventh Street, N. W. 
Washington, D.C. 20004 



Telephone: (202) 638-6666 
Date: February 25, 2009 
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Polyphenols Flavonoids Differ in Their Antiapoptotic Efficacy in Hydrogen 
Peroxide-Treated Human Vascular Endothelial Cells 1 

Yean-Jung Choi, Jung-Sook Kang * Jung Han Yoon Park, Yong-Jin Lee, 
Jung-Suk Choi and Young-Hee Kang 2 

Division of Life Sciences and Silver Biotechnology Research Center, Hallym University, Chuncheon, Korea 
and Tood and Nutrition, Cheju University, Cheju, Korea 

ABSTRACT Oxidative injury induces cellular and nuclear damage that leads to apoptotic cell death. Agents or 
antioxidants that can inhibit production of reactive oxygen species can prevent apoptosis. We tested the 
hypothesis that flavonoids can inhibit H 2 0 2 -induced apoptosis in human umbilical vein endothelial cells. A 30-min 
pulse treatment with 0.25 mmol/L H 2 0 2 decreased endothelial cell viability within 24 h by -40% (P < 0.05) with 
distinct nuclear condensation and DNA fragmentation. In the H 2 0 2 apoptosis model, the addition of 50 punol/L of 
the flavanol (-)epigallocatechin gallate and the flavonol quercetin, which have in vitro radical scavenging activity, 
partially {P < 0 05) restored cell viability with a reduction in H 2 0 2 -{hduced apoptotic DMA damage In contrast, the 
flavones, luteolin and aplgenin, at the nontoxic dose of 50 panol/L, Inter^^ 0 05) after exposure 

to H 2 0 2 and did not protect cells from oxidant-induced apoptosis. The flavanones. hespendiri and naringin, did not 
hayi^cytoprotective effects; tThe antioxidants, Wepl^Iocatechin gallate and quercetin, inhibited endothelial 
apoptosis, enhanced the expression of bcl-2 protein and inhibited the expression of bax protein and the cleavage 
arid activation of ■ c^p^^Theref ore, flavanol s and fiavonols, in particular (-)epigallocatechin gallate and 
quercetin, qualify as potent antio xidants and are effective in preventing endothelial apoptosis caused by oxidants , f 
si jfjf^Rsting ; that' flavonoids ha\/B ^ differential s ahtiapoptotic efficacies: The antiapoptotic activity of flavonoids 
appears to Be mediated ^ bax gene level?" J. Nutr. 133: 985-991, 2003. 

KEY WORDS: • flavonoids • endothelial apoptosis • hydrogen peroxide • bcl-2 • caspase-3 



Apoptosis, a morphologically and biochemically distinct 
form of cell death characterized by cell shrinkage without 
membrane ruptures, cell membrane blebbing, nuclear chroma- 
tin condensation and nonrandom DNA fragmentation, is in- 
dispensable for physiologic development and homeostasis of 
tissues and the elimination of diseased cells in multiorganisms 
(1,2). Defects in apoptosis have been implicated in neurode- 
generative diseases, cancer and autoimmune diseases (2,3). 
Oxidative injury after diverse stimuli including clinical and 
experimental ischemia/hypoxia, reperfusion and inflammation 
can induce cardiac and endothelial cell apoptosis (4-7), 
which is a fundamentally different mode of cell death from 
necrosis. The severity of cellular damage by an oxidant injury 
determines which mechanism of cell death dominates (8). 
Accordingly, agents or antioxidants that can inhibit produc- 
tion of reactive oxygen species (ROS) 3 can prevent apoptosis 
(4,9,10). However, the underlying molecular mechanisms by 



* Supported by Grant R05-2000-000- 00205-0 from Korea Science and En- 
gineering Foundation and Grant R1 2-2001 -007202-0 from Korea Science and 
Engineering through the Silver Biotechnology Research Center at Hallym Univer- 
sity, and in part by the Hallym Academy of Sciences at Hallym University, Korea 
(2002-19-1). 

2 To whom correspondence should be addressed. 
E-mail: yhkang@raOyrn.aakr. 

3 Abbreviations used: DMSO, dimethyl sulfoxide; DPPH. 1,1-dipheny-2-pic- 
rylhydrazyl; FBS, fetal bovine serum; HUVEC, human umbilical vein endothelial 
cells; Ig, immunoglobulin; MTT, 3-(4,5-dimetyfthiazol-yl)-dipheny1 tetrazolium bro- 



which antioxidative agents protect cells from stimulator-trig- 
gered apoptosis rernjaih co be eluciriatedi 

There is currently intense interest in polyphenol tc phyto- 
chemicals such as flavonoids, proanchocyanidins and phenolic 
acids; Epidemiologic studies have shown that a high consump- 
tion of these pply^jhenotics is inversely related to the risk of 
rardiriv^ular diseases (11-13 )i and this phenomenon appears 
to be associated with their antioxidant capacity (14), Fla< 
vonoids constitute one of the antioxidant phytochemical 
groups and are found in a large number of fruits and vegetables. 
There are several subclasses such as flavonols, flavones, isofla- 
vones, flavonones, flavan-3-ois and anthocyanidins. These fla- 
vonoids are natural antioxidants that scavenge various types of 
radicals in aqueous and organic environments (15-21), and 
anti- inflammatory agents that inhibit adhesion molecules and 
matrix proteases (22-24). Whether these flavonoids act in 
vivo as antioxidants or antiinflammatory agents appears to 
depend on their bioavailabilities. 

On the basis of the literature evidence that flavonoids are 
antioxidants and have the ability to scavenge free radicals, we 
examined the effects of these polyphenols compounds, when 
applied in submillimolar doses, on apoptosis in H 2 O z -exposed 



mide; NBT, nitro blue tetrazolium; ROS, reactive oxygen species; SC^ half- 
maximal scavenging concentration; TBS-T, Tris buffered saline-Tween 20; 
TUNEU terminal deoxynucleotidyl transferase- mediated dUTP nick end labeling.. 
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human umbilical vein endothelial ceils (HUVEC). Cells were 
exposed to H 2 0 2 for 30 rain, killing 40% of cells within 24 h. 
It has been shown that there are differences in the antioxidant 
capacity among different groups of flavonoids and within each 
group of flavonoids (16,25). By measuring cell viability, nu- 
clear morphology, DNA fragmentation and apoptotic gene 
protein expression, we assessed the antiapoptotic efficacy of 
various polyphenolic compounds in the vascular endothelium 
model. To elucidate the capacity of polyphenolic compounds 
to inhibit oxidant- induced apoptosis, four different subclasses 
of polyphenolic flavonoids were used, i.e., flavanols [(-)epigal- 
locatechin gallate and (-h)catechm]; flavonols (quercetin and 
myricetin); flavanones (naringin and hesperidin); and flavones 
c (luteolin and apigenin). 

MATERIALS AND METHODS 

Chemicals. Fecal bovine serum (FBS), peniciUin-streptomycin, 
and all cell growrh supplements were purchased from Clonetics (San 
Diego, CA). Polyphenolic flavonoids [flavanols, (-)epigallocatechin 
gallate and ( + )catechin; flavonols, quercetin and myricetin; .fla- 
vanones, naringin and hesperidin; and flavones, luteolin and apige- 
nin], Ml 99 chemicals, and 3-(4,5-dimetylthiazol-yl)-diphenyl terra- 
zolium bromide (MTT) were obtained from Sigma Chemical (St. 
Louis, MO) as were all other reagents, unless specifically stated 
elsewhere. All flavonoids were solubilized by dimethyl sulfoxide 
(DMSO) for culturing with cells (26); the final culture concentration 
of DMSO was <5 g/L 

Measurement ofDPPH radical scavenging activity. The radical 
scavenging activity of flavonoids was assayed using a stable free 
radical, l,l-dipheny-2-picrylhydrazyl (DPPH) by a previously re- 
ported method (27) with minor modifications. A methanol solution 
(100 pi) of each flavonoid at different concentrations (10-350 
/xmol/L) was added to the mixture of 100 mmol/L Tris-HCl buffer 
(pH 7.4) and 0.2 mmol/L DPPH in methanol. The solution was 
mixed vigorously and kept for 20 min in the dark. The free radical 
scavenging activity of each flavonoid was quantified by the decolor- 
ization of DPPH at 5 1 7 nm. The antioxidant power of flavonoids was 
expressed as half-maximal scavenging concentration (SC 50 , their 
concentration decreasing DPPH 50%). 

Primary culture of hitman vascular endothelial cells. HUVEC 
were isolated using collagenase (Worthington Biochemical, Lake- 
wood, NJ), as described elsewhere (28). Cultures were maintained at 
37°C in a humidified atmosphere of 5% CO z in air. Cells were 
incubated in 25 mmol/L HEPES-buffered M199 containing 10% FBS, 
2 mrapl/L glutamine, 100,000 u/L penicillin, 100 mg/L streptomycin 
and growth suplernents (0.9 g/L bovine brain extract, 0.75 g/L 
human epidermal growth factor and 75 rag/L hydrocortisone). Cells 
were passaged at confluence and used within 4-5 passages. Cells were 
subcultured at 70-80% confluence. Endothelial cells were identified 
by their cobblestone morphology and uptake of fluorescendy labeled 
acetylated LDL [l.r-dioctadecyl-3,3,3 / 3'-tetramethylindocarbocya- 
nine perchlorate; Molecular Probes, Eugene, OR; (28)]. 

To determine the dose-viability response of the tested flavonoids, 
HUVEC were cultured in 25 mmol/L HEPES-buffered M199 con- 
taining 10% FBS and 10-100 u.mol/L of each tested flavonoid for 
24 h. 

H z O z -induced oxidant stress. The cells were preincubated for 
30 min with 50 umol/L of each tested flavonoid, and then incubated 
for another 30 min with media containing an additional 0.25 mmol/L 
H 2 0 2 . In H 2 O z incubations, H 2 0 2 was detoxified by adding catalase 
(100,000 u/L, Worthington Biochemical) at the end of the 30- min 
incubation period; this terminated all activity of extracellular H 2 0 2 . 
Non-H 2 0 2 -treated control cells were incubated in the same way as 
those used in the H 2 0 2 protocols. Cells were washed thoroughly with 
PBS and then resupplied with fresh H 2 0 2 -free medium containing 50 
u,mol/L of the tested flavonoid. Incubation was continued for another 
24 h before biochemical and molecular analyses were performed. 

Cell viability. At the end of the 24 h incubation period, the 
MTT assay was performed to quantitate cellular viability (30). 
HUVEC were incubated in fresh medium containing 1 g/L MTT for 



3 h at 37°C After removal of unconverted MTT, the purple formazan 
product was measured colorimetrically at A = 570 nm with back- 
ground subtraction at X = 690 nm. 

Nuclear morphology. Nuclear morphology was examined by 
fluorescence microscopy with an Olympus BX50 fluorescent micro- 
scope (Olympus Optical Co., Tokyo, Japan) equipped for fluorescence 
illumination and for photomicroscopy. After the fixation of HUVEC 
with ice-cold 4% formaldehyde for 1 h, the nuclear stain Hoechst 
33258 (Molecular Probes) was added at a final concentration of 10 
mg/L for 15 min to allow uptake and equilibration before microscopic 
observation. The coverslips were mounted while wet in aqueous 
mounting solution. Cells containing fragmented or condensed nuclei 
were considered apoptotic, whereas those containing diffuse and 
irregular nuclei were considered necrotic (31). 

In situ cell death detection (TdT-mediated dVTP nick end 
labeling, TUNEL). DNA strand breaks were detected using the 
nick-end labeling technique (32). To detect in situ DNA fragmen- 
tation, the TUNEL assay with HUVEC was performed following a 
previously published method (34). Cultured cells were labeled using 
a commercially available end-labeling kit (Boehringer Mannheim, 
Mannheim, Germany). For the detection and visualization, extra- 
avid in- conjugated alkaline phosphatase was introduced in an alka- 
line phosphatase substrate buffer (100 mmol/L Tris-HCl, 5 mmol/L 
MgCl 2 , pH 9.5) containing nitro blue tetrazolium (NBT; 50 g/L in 
70% dimethylformamide) and bromochloroindolyl phosphate tolu- 
idine (50 g/L in 70% dimethylformamide). Photomicroscopy took 
place under a cover slide with a Olympus CH2 light microscope. 

Agarose gel electrophoresis. The calcium-activated endonucle- 
ase produces weJWeAned DNA foments (33), which can be de- 
tected as a DNA ladder oh agarose gc^ Extraction and electrophore- 
sis of genomic DNA . -w^.:p^oxixueS. ac^tdlng to methods published 
ekewhere (34). Dr4 A fbm HWEC ^ isolated using 5 g/L sodium 
N-iauroyl sartosinate, 10 g/L proteinase K and 10 mg/L RNase A. 
DNA samples were electrophoresed on a 1.8% agarose gel containing 
ethidium bromide (0.5 mg/L). For apoptotic alterations to DNA 
integrity, DNA bands were visualized using an UV transilluminator 
(Hoefer Scientific Instrument, San Francisco, CA), and photographs 
of gels were obtained using Polaroid Type 667 positive/negative film 
(Polaroid Co., Wayland, MA). 

Irnmunocytochemistry. After endothelial cells were thoroughly 
washed with Tris buffered saline (TBS), cells were incubated for 20 
min with 10% normal goat serum in TBS to block any nonspecific 
binding, ^fter feed cells w^re washed rwice with TBS, monoclonal 
mouse bcj-2 antibody (1:100 dilution in TBS; BD Transductional, 
San Diego, CA) was added to cells and incubated overnight at 4°C. 
Cells were washed with TBS and incubated with a fluorescein iso- 
thiocyanate- conjugated goat anti-mouse immunoglobulin (Ig)G (1: 
200. dilution in TBS; Sigma) as a secondary antibody. Images were 
obtained by a fluorescence microscopy with an Olympus BX51 fluo- 
rescent microscope. 

Western blot analysis. Whole-cell extracts were prepared from 
HUVEC in a lysis buffer containing 10 g/L 0-mercaptoenthanol, 1 
mol/L /^-glycerophosphate, 0.1 mol/L Na 3 V0 4 , 0.5 mol/L NaF and 
protease inhibitor cocktaiL Cell lysates containing equal amounts of 
total protein were fractionated by electrophoresis on 12 or 15% 
SDS-PAGE gels and transferred onto a nitrocellulose membrane. 
Nonspecific binding was blocked by soaking the membrane in a 
TBS-T buffer [0.5 mol/L Tris-HCl (pH 7.5), 1.5 mol/L NaCl, and 1 
g/L Tween 20] containing 50 g/L nonfat dry milk for 3 h. The 
membrane was incubated for 3 h with a primary antibody [monoclo- 
nal mouse anti-human bcl-2 (1:500 dilution; Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA), monoclonal mouse anti-human bax (1:500 
dilution; BD Transductional), or polyclonal rabbit anti-human 
caspase-3 (1:1000 dilution; Cell Signaling Technology, Beverly, 
MA)]. After five washes with TBS-T, the membrane was then incu- 
bated for 1 h with a goat anti-mouse IgG or a goat anti-rabbit lgG 
conjugated to horseradish peroxidase (1:10,000 dilution, Jackson 
ImraunoResearch, West Grove, PA). The levels of bcl-2 and bax 
proteins and caspase-3 protein were determined using Supersignal 
West Pico chemiluminescence detection reagents (Pierce, Rockford, 
IL) and Konica X-ray film (Konica, Tokyo, Japan). Incubation with 
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polyclonal rabbit /J-actin antibody (1:1000 dilution, Santa Cruz Bio- 
technology) was also performed for the comparative control. 

Statistical analysis. The results are presented as mean ± SEM. 
Statistical analyses were conducted using SAS statistical software 
package version 6.12 (SAS Institute, Cary, NC). One-way ANOVA 
was used to determine effects of both H 2 0 2 and individual flavonoids. 
The differences among treatment groups were analyzed with Dun- 
can's multiple range test and were considered significant at P < 0.05. 

RESULTS 

DPPH radical scavenging activity. Among the tested 
flavonoids in the cell-free system, the flavanols, (-)epigallocat- 
echin gallate and ( + )catechin, and the flavonols, quercetin 
and myricetin, had high DPPH scavenging activities with 
half-maximal scavenging concentrations, SC5 0 , lower than 10 
/xmol/L (Table 1). These compounds were more potent than 
L-ascorbic acid, the classic reference antioxidant, with 14.0 
/xmol/L SC 50 . In contrast, the flavanones, naringin and hes- 
peridin, and the flavones, luteolin and apigenin, were not 
active even at concentrations up to 100 jxmol/L 

Endothelial cell viability under the influence of H 2 0 2 . 
Except for apigenin, all other flavonoids tested showed little 
cytotoxicity even at 100 jumol/L when incubated with cells for 
24 h, but at concentrations <50 /xmol/L, apigenin did not 
significantly decrease cell viability (P > 0.05, data not shown). 
Accordingly, the maximal nontoxic concentration of all the 
flavonoids used for culture experiments was 50 /xmol/L. During 
24-h incubations, the cytotoxicity of H 2 0 2 increased dose 
dependently at concentrations ranging from 0.05 to 0.25 
mmol/L with a decrease in cell viability by 40% at 0.25 
mmol/L. Data in tables and figures were obtained when 
HUVEC were treated with 0.25 mmol/L H 2 0 2 for 30 min (Fig. 
1, upper panel). 

Each flavonoid inhibited H 2 0 2 -induced cell death differ- 
ently (Fig. 1, lower panel). Among all of the flavonoids tested, 
50 /xmol/L (-)epigallocatechin gallate and quercetin reduced 
the rate of H 2 0 2 -induced cell death, whereas equimillimolar 
luteolin and apigenin significantly aggravated the H 2 0 2 - in- 
duced cytotoxicity (P < 0.05). On the other hand, the cell 
viability reduced by 0.25 mmol/L H 2 0 2 was not affected by 
(+)catechin, myricetin and the flavanones, naringin and hes- 
peridin (Fig. 1, lower panel). 

Nuclear condensation and DNA fragmentation. The 
H 2 0 2 produced cells that exhibited fragmented and/or con- 
densed nuclei within 24 h and there were nonnucleated cell 



TABLE 1 

Radical scavenging activity of flavonoids in a celf-free system** 



Flavonoids 



SC50 2 



timol/L 

(-)epigallocatechin gallate__ 3.0 ± 0.2 

^.quercetin . "\ ■ \* 5.0 ± 0.1 : * 

: (+)catechin 6.4 ± 0.4 

myricetin _ . , 6.6 ± 0.3 
^ hesperidin -■'-•'> 100 

naringin >100 

luteolin >100 

apigenin >100 

L-ascorbic acid 14.0 ± 0.6 



1 Values are mean ± .sem, n ■ S-B. ;ip v_~ ;-.l:?'. k * ■ »\ = 

2 SC50 represents flavonoid concentrations decreasing 0.2 mmol/L 
DPPH in methanol (1 2, v/v) to .50%:^ t 
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50 jimol/L 



FIGURE 1 Human umbilical vein endothelial cell (HUVEC) viability 
after H 2 0 2 -induced oxidant stress. Trie upper panel shows the 24-h 
viability of cells treated with <1.0 mmol/L H 2 0 2 for 30 min. Values are 
mean ± sem, n = 4 and are expressed as the percentage of cell survival 
relative to the H 2 CVfree control cells (viability = 100%). The lower panel 
shows the viability of cells treated with a 0.25 mmol/L H 2 0 2 pulse and 
incubated with 50 /onol/L of various fiavonoids. Values are mean 
± sem, n = 4 and are expressed as the percentage of cell survival 
relative to H 2 0 2 -untreated control cells (viability « 100%). Means not 
sharing a letter differ, P < 0.05. 
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fragment apoptotic bodies (Fig. 2, arrows in microphotographs " M 
with Hoechst 33258 nuclear stain). In the H 2 O r untreated g 
control cells, no signs of morphological nuclear damage or ^ 
chromatin condensation were observed (Fig. 2). The nuclear 
morphology of cells exposed to H 2 0 2 with (-)epigallocatechin 
gallate, ( + )catechin or quercetin was comparable to, if not 
indistinguishable from that of the H 2 O z -untreated control 
cells. In marked contrast, the morphology of cells treated with 
H 2 0 2 in the presence of luteolin or apigenin compared poorly 
with that of the H 2 0 2 -untreated cells but well with that of 
cells treated with H 2 0 2 alone. In cells exposed to H 2 0 2 and 
incubated with luteolin and apigenin, cell density was mark- 
edly reduced and nuclear condensations and appearance of 
apoptotic body-like structures became increasingly frequent in 
response to H 2 0 2 (Fig. 2). 

When the in situ TUNEL technique for assessing oxidant 
DNA damage was applied, there was the expected lack of 
staining in the H 2 0 2 -untreated control cells (Fig* 3). How- 
ever, heavy nuclear staining in cells exposed to H 2 0 2 alone 
was observed. H 2 0 2 -exposed cells treated with (-)epigallocat- 
echin gallate, ( + )catechin or quercetin had substantial, but 
not complete disappearance of nuclear DNA fragmentation. 
The other flavonoids did not reduce but rather intensified the 
TUNEL staining, especially luteolin and apigenin. 

The results of nuclear condensation (Fig. 2) and of DNA 
fragmentation (Fig. 3) assays suggested that (-)epigallocat- 
echin gallate and quercetin but not luteolin and apigenin 
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FIGURE 2 Typical effects of 0.25 
mmol/L H 2 0 2 in the absence and pres- 
ence of 50 iimol/L fiavonoids on nuclear 
morphology of human umbilical vein en- 
dothelial cells (HUVEC) stained with 
Hoechst 33256. H 2 0 2 caused nuclear 
condensation and the appearance of ap- 
optosis-like bodies (arrows). This is rep- 
resentative of 5 independent slides. 
Magnification: X400. 




(*)epigaHocatecrtln 
HjO t gallate 



quercetin 




fnyricetfn 



nftiftiQfn 



hssperidin 



apigenin 




inhibited H 2 0 2 - induced apoptosis in the vascular endothe- 
lium. DN A laddering tests for oxidant DNA damage supported 
this notion. DNA isolated from HUVEC treated with H 2 0 2 
alone exhibited a distinct DNA ladder pattern (Fig. 4). DNA 
fragments were substantially but not fully alleviated when 
H 2 0 2 -treated cells were treated with 50 Aimol/L (-)epigallo- 
catechin gallate, ( + )catechin and quercetin. In contrast, no 
protection against internucleosomal DNA fragmentation was 
observed in the luteolin- and apigenin- treated cells (Fig. 4), 
indicating further induction of apoptosis. 

Expression of bcU2 and bax proteins and activation of 
caspase'3. Immunostaining assays were used to compare the 
effects of the selected fiavonoids on expression of bcl-2 in the 
presence of H 2 0 2 . As expected, there was substantial cytoplas- 
mic staining in the H 2 0 2 -free control cells, whereas this 
staining did not occur in cells exposed to H 2 0 2 alone, sug- 
gesting the down-regulation of bcl-2 expression at the single 
cell level (Fig. 5). However, addition of (-)epigallocatechin 
gallate or quercetin to H 2 0 2 -exposed cells increased the stain- 
ing of bcl-2. In marked contrast, the flavone apigenin did not 
increase the expression of bcl-2 reduced by H 2 0 2 , suggesting 
that not all of the fiavonoids can attenuate H 2 0 2 -induced 
apoptotic gene expression in the vascular endothelium. 

Similar Western blot results for the bcl-2 protein expression 
of HUVEC were obtained (Fig. 6). There was relatively weak 
or undetectable expression of bax protein in H 2 O z -untreated 
control cells. The bax protein was obviously up-regulated in 
H 2 0 2 -injured cells relative to the untreated quiescent cells. 
When H 2 0 2 -injured cells were treated with (-)epigallocat- 
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echin gallate or quercetin, the expression of endothelial bax 
protein markedly decreased (Fig. 6). Treatment with apigenin 
did not inhibit bax protein expression. 

Western blot analysis showed that a 30-mm pulse treats 
ment with H : 0 2 caused caspase-3 cleavage in HUVEC within 
24 h, but this effect was partially blocked l>y fclepjgaUecat* 
echin gallate and fully blocked by queitetm (Rg. 6)» suggest- 
ing that these two fiavonoids attenuate apoptosis at the mito- 
chondrial level. Preincubation of cells with apigenin did not 3 
ameliorate the extent of caspase-3 cleavage in response to the J. 
toxic effects of H 2 0 2 . § 




DISCUSSION 

There; were five major findirigi troth this study. 1) Different 
groups of flavonokis-exhibited a scave^ngir^actm.^ against 

fi£$^!S^ The 
flavanoi^epigallQcatechm gallate and the Ttavonol querceun 
at the nontoxic dose of 5Q umol/L preventeiSrippnl^B 
igj®^ 3) The fla- 

vones, luteolin and apigenin, intensified H 2 0 2 - induced endo- 
thelial apoptosis. 4) (-)Epigallocatechin gallate and quercetin 
restored expression of the antiapoptotic bcl-2 protein and 
increased expression of the proapoptotic bax protein in re- 
sponse to H 2 0 2 . 5) H 2 O z - induced caspase-3 cleavage in 
HUVEC was partially blocked by (-)epigallocatechin gallate 
and quercetin. These observations demonstrate that there are 
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FIGURE 3 Representative micro- 
photographs of terminal deoxynucleoti- 
dyl transferase-mediated dUTP nick end 
labeling-stained human umbilical vein 
endothelial cells (HUVEC) exposed to 
H 2 0 2 and treated with 50 /xmol/L fia- 
vonoids. These microphotographs are 
representative of 5 independent slides. 
Magnification: X200. 



if- 



(-)eplgal1oeatechin 



i 



(+)catechln 



quercetin 



r 



myricetin 



naringln 



hesperidm 



luteolin 



5 if 



apigenin 



DIFFERENTIAL ANTIAPOPTOTIC EFFECTS OF FLAVONOIDS 



989 



2 
O 

H 

I— < 

erf 
H 

Z 
fa 

< 

z 
o 

1—1 

s 



. 0.25 mmol/L H z 0 2 



0.25 mmol/L H 2 0, 



1 1 



FIGURE 4 Genomic DNA gel electrophoresis of human umbilical 
vein endothelial cells (HUVEC) treated with H 2 0 2 in the absence and 
presence of 50 /xmol/L of selected flavonoids. Cells were incubated for 
30 min without (lane 2) and with 0anes 3 to 8) 0.25 mmol/L H 2 0 2 . Lane 
1 shows standard DNA markers. Five different experimental sets 
showed similar DNA run patterns. 
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Recent in vitro studies revealed that flavonoids may have 
considerable antioxidant activity in a wide range of chemical 
oxidation systems (16,17,20,21,35,36). In this study, some 
groups of flavonoids, e.g., flavanols and flavonols, exhibited a 
more powerful spontaneous antioxidant capacity scavenging 
the DPPH radical than the classic antioxidant L-ascorbic acid 
in the cell'free systems, whereas other flavonoids, especially 
apigenin, were not effective. Although we did not test a whole 
battery of flavonoids, we assume that there is a relationship 
between their structure and DPPH scavenging activity, as 
previously demonstrated (16,17,37,38). 

Oxidative stress contributes to cellular injury after experi- 
mental ischemic reperfusion (5) and appears to be the com- 
mon apoptotic mediator, most likely via lipid peroxidation 
(39). The literature has supported the role of ROS in apopto- 
tic cell death. This study demonstrated that treatment of 
HUVEC with H 2 0 2 » a precursor of other ROS such as highly 
reactive hydroxyl radicals, leads to cell death via apoptotic 
processes. These findings are consistent with previous reports 
showing apoptotic death processes in various types of cells 
induced by H 2 0 2 (34,40). Agents that inhibit production of 
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RGURE 6 Bcl-2 and bax protein expression levels and caspase-3 
cleavage in human umbilical vein endothelial cells (HUVEC) exposed to 
0.25 mmol/L H 2 0 2 for 30 min and incubated with flavonoids. The total 
HUVEC protein extract (100 ^g) per lane was electrophoresed on 12 or 
1 5% SDS-PAGE gels, followed by Western blot analysis with a primary 
antibody against bcl-2, bax or caspase-3. /3-Actin protein was used as 
an internal control. Bands are representative of 5 independent experi- 
ments. 



ROS or enhance cellular antioxidant defenses can prevent 
apoptosis and protect cells from the damaging effects of oxygen 
radicals (4,9,10). Consistent with these reports, the flavanols 
and flavonols, in particular (-)epigallocatechin gallate and 
quercetin, had high antiapoptotic activities in the H 2 0 2 - 
treated vascular endothelial cells. In co ntrast , at nontoxic 

doses, thedav^ 

ids? SpainSl 
is a major 



e= results were in agreement wi 
for DPPH scavenging activity, indicating triat 
structural feature responsible for the \ 4 b^ppl«QtM£ activity 
against reactive radicals (Fig. 7). In addition; the antiapoptotic 
activities of polyphenolic flavonoids proved to be diverse. 

Dietary flavonoid supplementation Jr^uces the incidence of 
myocardial infarction (12) and plasma i^Lx^plesterqj; con- 
centration (11), and alleviates lipid peroxidation (41). Rodent 
feeding studies have supported the possibility that certain 
polyphenolics may have antioxidant functions in vivo (42,43). 
However, the underlying mechanisms for their cardio- and 
cytoprotective actions are still unknown. Their antioxidant 
actions in oxidant- induced endothelial apoptosis have been 
shown to be mediated through their H + -donating properties 
(38). However, not all flavonoids tested in this study exhibited 
antiapoptotic activity in the H 2 0 2 -treated cells, suggesting 
that other mechanisms for cytoprotection against oxidant in- 
sults must be involved. 
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FIGURE 5 Expression of bcl-2 protein by immunocytochemical localization in human umbilical vein endothelial cells (HUVEC) incubated for 30 
min with and without 0.25 mmol/L H 2 0 2 In the absence and presence of 50 jimol/L of selected flavonoids. After fixation, antibody localization was 
detected with fluorescein isothlocyanate-conjugated goat anti-mouse immunoglobulin G. Magnification: X40Q. 
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FIGURE 7 Chemical structure of the tested fiavonoids. 



(-)Epigallocatechin gallate and quercetin, with potent an- 
tiapoptotic actions, and apigenin, which was not antiapo- 
ptotic, were further tested for their effects on cascade events of 
the apoptotic pathway. It has been proposed that ROS down- 
regulate the anti apoptotic bcl-2 gene and up-regulate the 
pro-apoptotic bax gene, as shown in the present study. Bel -2- 
expressing cells have been reported to have the enhanced 
antioxidant capacity that suppresses oxidative stress signals 
(44,45). In addition, enhancement of ROS has been reported 
to elicit translocation of cytosolic bax to mitochondria, and to 
activate bax to induce the release of cytochrome c from 
mitochondria, stimulating caspases (46). The H 2 0 2 - induced 
decrease in bcU2 protein expression and the increase in bax 
expression were blocked in (-)epigallocatechin gallate- and 
quercetin- treated cells, providing compelling evidence in sup- 
port of their potent antiapoptotic actions. 

H 2 0 2 strongly activated caspase-3, and the activation was 
partially blocked by (-)epigallocatechin gallate and almost 
completely by quercetin. The substantial difference between 
these fiavonoids in inhibiting the activated caspase-3 appeared 
to be responsible for the difference in their antiapoptotic 
activities. (-)Epigallocatechin gallate and quercetin appeared 
to switch off the apoptotic death cascade by inhibiting the 
activation of caspase-3 and likely by enhancing the intrinsic 
cellular tolerance against apoptotic triggers. Conversely, the 
H 2 0 2 -activated caspase-3 was sustained in apigenin- treated 
cells that had no antiapoptotic ability. Thus, our findings 
suggest that the antiapoptotic fiavonoids may function by 
acting selectively through various endothelial death signaling 
cascades. In addition, phytochemicals affect multiple signaling 
pathways that converge at the level of transcriptional regula- 
tion, i.e., mitogen- activated protein kinase— responsive path- 
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was possibly mediated at least in part by a mechanism linked 
to proapoptotic bax blockade and antiapoptotic bcl-2 activa- 
tion. It is crucial to elucidate the precise sites of action of 
antiapoptotic fiavonoids in the sequence of events that regu- 
late oxidant- induced cell death and to further evaluate the 



potential of dietary fiavonoids as cardio- and cytoprotective 
agents. 
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ABSTRACT: 

Our previous studies described a newly identified potential of 
grapefruit juice (GFJ) in mediating pharmacokinetic drug interac- 
tions due to its capability of esterase inhibition. The current study 
identifies the active components in GFJ responsible for its ester- 
ase-inhibftory effect The esterase-inhibrtory potential of 10 con- 
stitutive flavonoids and furanocoumarins toward p-nrtrophenylac- 
etate (PNPA) hydrolysis was investigated. The furanocoumarins 
bergamottin, 6',7'-dihydroxybergamottin, and bergapten, and the 
glycoside flavonoids naringin and hesperidiri , at concentrations 
found in GFJ or higher, did not inhibit me hydrolysis of PNPA by! 
■ - purified porcine esterase . and ■ human liver microsomes. However, ■ 
the flavonoid aglycones mortn, galangrn, kaempferol, quercetin, 
and naringenin showed appreciable 'inhibition of PNPA hydrolysis 
in purified porcine esterase, and human and rat liver systems. In 
Caco-2 celis, demonstrated to contain minimal CYP3A activity, the 



permeability coefficient of the prodrugs lovastatin and enalapril 
was increased in the presence of the active flavonoids kaempferol 
and naringenin, consistent with inhibition of esterase activity. In 
rats, oral coadministration of kaempferol and naringenin with 
these prodrugs led to significant increases in plasma exposure to 
the active acids. In addition, in portal vein-cannulated rats, coad- 
ministration of lovastatin with kaempferol (10 mg/kg) led to a 154% 
and a 113% increase in the portal plasma exposure to the 
prodrug and active acid, respectively, compared with coadmin- 
istration with water. The contribution of CYP3A inhibition was 
demonstrated to be minimal. Overall, a series of flavonoids 
present in GFJ are identified as esterase inhibitors, of which 
kaempferol and naringenin are shown to mediate pharmacoki- 
netic drug interaction with the prodrugs lovastatin and enalapril 
due to their capability of esterase inhibition. 



Since the first report of the GFJ effect on the oral bioavailability of 
felodipine (Bailey et al., 1989, 1991), many studies to identify the 
active components responsible for the GFJ effects have been reported 
(Bailey et al., 1993; Edwards et aL, 1996; Fukuda et al., 1997; 
Schmiedlin-Ren et al., 1997; He et al., 1998; Guo et al., 2000; Ho et 
aL, 2001). GFJ composition varies from variety to variety and from lot 
to lot and also depends on the preparation method (De Castro et al., 
2006). In all cases, the majority of the constituents are flavonoids (Ho 
et al., 2000). Naringin, a predorninant constituent in GFJ, is present in 
concentrations up to 2000 (Ross et al., 2000). Even flavonoids of 
relatively low abundance such as quercetin exist in the 20 /aM range. 
Bergamottin and 6',7 f -dihydroxybergamottin (6',7'-DHB), the most 
abundant furanocoumarin derivatives and another well studied GFJ 
constituent, are present in concentrations up to 40 fiM (Edwards et al., 
1996). Although many bioflavonoids inhibited CYP3A in vitro (Ho et 
al., 2001), in vivo, naringin by itself, at concentrations found in GFJ, 
was not capable of producing a clinical drug interaction such as that 
seen with grapefruit juice (Bailey et al., 1998). Several furanocouma- 

ArticJe, publication date, and citation information can be found at 
http://dmd.aspetjournals.org. 
doi:1 0.1 1 24/dmd.1 06.01 3904. 



rins in grapefruit juice are effective in vitro CYP3A inhibitors and are 
currently suggested to be clinically active constituents (Schmiedlin- 
Ren et al., 1997; He et al., 1998). 

Our previous study (Li et al., 2007) demonstrated that GFJ inhibits 
esterase activity and mediates pharmacokinetic interaction with the 
ester prodrugs lovastatin and enalapril. It is important to identify the 
active components responsible for this new esterase-mediated GFJ 
effect in vivo. Several classical esterase inhibitors are known, includ- 
ing diethyl /7-nitrophenyl phosphate and bis-p-nitrophenylphosphate 
(BNPP). However, the extreme toxicity of these compounds precludes 
their clinical use. Recently, a series of synthesized benzene sulfon- 
amides and the aromatic dione family were identified as selective 
inhibitors of carboxylesterases (Wadkins et al., 2004, 2005). Like- 
wise, flavoring ester mixtures in strawberry juice were also reported 
to interact with the prodrug tenofovir, leading to enhanced permeabil- 
ity across Caco-2 (van Gelder et aL, 2002). Our recent report (Li et al., 
2007) demonstrated that GFJ decreased lovastatin and enalapril hy- 
drolysis in the gut and thereby markedly increased metabolic stability 
and permeability of esters, leading to the enhancement of exposure to 
lovastatin acid and enalaprilat in rats. In the current report, the 
esterase inhibition potential of 10 grapefruit juice components toward 
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PNPA, p-nitrophenytacetate; 6',7'-DHB, 6\7'-dihydroxybergamottin; LC/MS/MS, liquid chromatography-tandem mass spectrometry; Pgp, 
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carboxamide; PK, pharmacokinetic; A-to-B, apical-to-basal. > 



1203 



1204 



UETAL 



z 
d 

H 

I— < 

0 

P 



Z 
< 



>— ! 

0 

iS 

w 



0 
Q 

0 

a 

CD 



p-nitrophenylacelate (PNPA) hydrolysis as well as the effect of 2 
selected components on the esterase-mediated changes in the perme- 
ability in in vitro systems, and in in vivo rat exposure to active acids 
of enalapril and lovastatin upon coadministration are described. 

Materials and Methods 

Materials. Enalapril lovastatin, PNPA, p-nitrophenol, phenylmelhylsulfo- 
nyl fluoride (PMSF), BNPP, bergapten, kaempferol, quercetin, rnorin, galan- 
gin, naringenin, naringin, and hesperidin were purchased from Sigma (St 
Louis, MO). Bergamottin and 6',7'-DHB were purchased from BD Gentest 
(Woburn, MA); enalaprilat and lovastatin hydroxy acid were purchased from 
Toronto Research Chemicals Inc. (North York, ON, Canada). Human liver 
microsomes (pool of 50) were purchased from XenoTech, LLC (Lenexa, KS), 
and purified porcine esterase was purchased from Sigma. Caco-2 cells were 
obtained from The American Type Culture Collection (Manassas, VA). 

Inhibition of Esterase Activity in Purified Porcine Esterase and Human 
Liver Microsomes. Purified porcine liver esterase (5 raU/ml) or human liver 
microsomes (0.1 mg/ml) in 0.1 M potassium phosphate buffer pH 7.4 were 
incubated at 37°C with PNPA (667 jiM) and one of the 10 GFJ components of 
10 different concentrations: bergamottin (0-100 /iM), bergapten (0-100 
/uM), 6',7'-DHB (O-100 fiM), kaempferol (0-50 pM) t quercetin (0-50 
jxM), morin (0-50 jxM), galangin (0-50 /lM), naringenin (0-200 /xM), 
hesperidin (0-200 /iM), and naringin (0-1000 pM). The highest concentra- 
tion of each component used for esterase inhibition evaluation varied based on 
their solubility in incubation buffer and their concentration found in GFJ. The 
formation of the product, para-nitrophenol, was monitored spectrophotometri- 
cally at 405 nm at 2 min. 

Inhibitory Effect on Esterase Activity in Rat Liver Microsomes or S9 
Fractions. Rat liver microsomes (2.0 mg/ml) or S9 (2.5 mg/ml) in 0.1 M 
potassium phosphate buffer pH 7.4 were incubated at 37°C with enalapril (5 
fjM) (using microsomes) or lovastatin (5 jiM) (using S9) in the presence or 
absence of kaempferol (100 /xM), naringenin (100 /iM), BNPP (100 pM), or 
PMSF (1000 puM). The reactions were terminated by adding an equal volume 
of acetonitrile containing 0.5 /iM carbutamide (internal standard) after 10 min 
of incubation. The samples were kept in a refrigerator (4°C) for 30 min and 
then centrifuged at 3000$ for 10 min. The concentrations of enalaprilat or 
lovastatin acid in the supematants were analyzed with LC/MS/MS. 

Permeability in Caco-2 Membrane. Caco-2 cell cultures were prepared as 
described previously (Xia et al., 2005). Single directional transport studies 
were performed at 37°C in air. Before each experiment, the confluent cell 
monolayer on Transwell inserts was washed and equilibrated for 30 min with 
transport medium (Hanks' balanced salt solution containing 10 mM HEPES 
and 10 mM glucose pH 7.4). The experiment (n = 4) was initialed by adding 
a solution of lovastatin (20 /iM final concentration) in the transport medium at 
pH 7.0 or enalapril (20 jaM final concentration) in the transport medium at pH 
6.0 (lower pH to facilitate PEPTl-mediated transport), containing various 
amounts of kaempferol or naringenin (50 or 250 /xM final concentration), to 
the apical compartment. To evaluate the Pgp effect on lovastatin permeability, 
GF 1209 18 (2 ftM final concentrations in the incubation) was added into 
lovastatin stock solution on the donor side and buffer on the receiver side. At 
15, 30, 45, and 60 min, aliquots were withdrawn from the basolateral side and 
replaced immediately with an equal amount of fresh transport medium, except 
at the 60-min time point (the end of the incubation). After the permeability 
studies described in the previous section, transendothelial electrical resistance 
values were measured again to assure the integrity of the cells. The cells were 
washed three times with cold transport medium and then were lysed with 1% 
acetic acid in water. The cell ly sates were extracted with acetonitrile containing 
carbutamide as internal standard and centrifuged at 3000$ for 10 min. The 
supematants were collected and analyzed using LC/MS/MS. 

Pharmacokinetics Studies. Pharmacokinetics experiments with enalapril 
and lovastatin were performed in male Sprague-Dawley rats (Hilltop Labora- 
tory Animals, Inc., Scottdale, PA), weighing 280 to 350 g, that were implanted 
with either a jugular vein cannula or both jugular and portal vein cannulas. 
Animals were fasted overnight and for the duration of the study. Water was 
provided ad libitum. All experiments with rats were performed in accordance 
with the Institutional Animal Care and Use Committee guidelines and ap- 



proved by the Committee on Animal Research, Millennium Pharmaceuticals 
Inc. 

For systemic exposure studies, jugular vein-cannulated rats {n = 3) were 
orally dosed by gavage with enalapril and lovastatin (10 mg/kg, 10 ml/kg) in 
1) water, 2) kaempferol (2 and 10 mg/kg); and 3) naringenin (2 and 10 mg/kg). 
Venous blood samples (0.3 ml) were collected from jugular vein catheters into 
heparin tubes containing 3 /il of 200 mM PMSF and 5 jxl of acetic acid (6:4 
diluted with water) predose and at 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h postdose. 
Samples were centrifuged, and plasma samples were collected and frozen at 
-80°C until analyzed. 

For portal exposure studies, portal vein-cannulated rats (n = 4) were orally 
dosed by gavage with lovastatin (10 mg/kg, 10 ml/kg) in 1) water or 2) 
kaempferol (10 mg/kg). Portal blood samples (0.3 ml) were collected from 
portal vein-cannulated rats into heparin tubes containing 3 /xl of 200 mM 
PMSF and 5 of acetic acid (6:4 diluted with water) predose and at 0.25, 0.5, 
1, 2, 4, 6, 8 and 24 h postdose. Samples were centrifuged, and plasma samples 
were collected and frozen at -80°C until analyzed. 

LC/MS/MS Analysis. In vivo plasma samples were protein-precipitated 
and analyzed with an LC/MS/MS method. Blank plasma, in which esterase 
was inactivated with 1% acetic acid and 2 mM PMSF, was used to construct 
plasma standard curves. In general, to 1 volume of plasma was added 3 
volumes of acetonitrile containing carbutamide as the internal standard. Sam- 
ples were vortexed and then centrifuged for 15 min at 3000g. Half of the 
supernatant was dried down under nitrogen and reconstituted with 150 fil of 
5% acetonitrile in 0.1% formic acid The LC/MS/MS system consisted of a 
binary high performance liquid chromatography pump (1100; Agilent Tech- 
nologies, Palo Alto, CA), an HTS PAL autosarnpler (LEAP Technologies, 
Carrboro, NC), and a triple-quadrupole mass spectrometer (AP1-4000; Applied 
Biosystems, Foster City, CA). Separation was performed on a YMC-ODS-AQ 
C18 column (30 mm X 2.0 mm; Waters, Milford, MA) using mixtures of 
formic acid (0.1%) in water and acetonitrile as a mobile phase. The mass 
spectrometer was operated in the multiple reaction monitoring mode using 
positive ion electrospray ionization. Multiple reaction monitoring was set at 
m/z 405.3 -* 285.3 for lovastatin, 423.3 -» 303.4 for lovastatin acid, 421.4 -* 
283.4 for 6'^-hydroxylovastatin, 377.1 -» 233.9 for enalapril, and 349.3 
206.4 for enalaprilat The quantification limit for enalapril, enalaprilat, lova- 
statin, and lovastatin acid was generally 2 nM. 

Data Analysis. Percentage inhibition of PNPA hydrolysis for each inhibitor 
was calculated as the ratio of OD at each concentration of inhibitor with 
respect to that in the absence of the inhibitor, and the percentages were plotted 
against the concentrations of each tested inhibitor using Prism software (GraphPad 
Software Inc., San Diego, CA). The sigmoidal dose-response (variable slope) 
model was used to determine the concentration that gave 50% inhibition 
(IC 50 ). The IC 50 was calculated using the equation Y = minimum activity + 
(maximum activity - minimum activity^! + I0e (k * rxZso " X1 " tm * lope) \ 
where X is the logarithm of concentration and Y is the percentage activity. 

PK parameters were calculated by noncompartmental analysis using Win- 
Nonlin software version 5.1 (Pharsight, Mountain View, CA). Statistical 
analysis was performed using Student's t test. Apparent permeability (P^, 
cm/s X 10" 6 ) was calculated using the equation Z 3 ^ = (dQ/dt)/(A • C 0 ), where 
dQ/dt = total amount transported in the recipient chamber per unit time (e.g., 
nmol/s), A - surface area (cm 2 ; in our studies A = 0.33 cm 2 ), and C 0 = initial 
donor concentration (e.g., nmol/ml). 

Results 

Effect of GFJ Components on Purified Porcine Esterase and 
Human Liver Microsomal Hydrolase Activity. Inhibitory activity 
of GFJ components toward esterase activity varied widely. Bergamot- 
tin, 6\7'-DHB, and bergapten (each at 100 juM), hesperidin at 200 
/iM, and naringin at 1000 mM did not show appreciable inhibition of 
the hydrolysis of PNPA by porcine liver esterase. However, morin, 
galangin, kaempferol, quercetin, and naringenin showed inhibitory 
effects. Estimates of IC 50 were 1.8 /iM for morin, 2.8 pM for 
galangin, 5.1 /aM for kaempferol, 5.9 /iM for quercetin, and 110 yM 
for naringenin (Table 1). Likewise, in human liver microsomes, ber- 
gamottin, 6',7'-DHB, bergapten, naringin, and hesperidin did not 
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TABLE 1 



Inhibitory effect of GFJ-'cpm^i^ts[idwd.PNPA hydrolysis by purified pprcine r: 
~ ~ '\ esterase and human liver microsomes <■ . *' ' T 



Porcine Esterase ICjo 



Human Liver Microsomes ICjo 



Kaempferol 5.1, 
, ; ^Qderretm> . < : 5.9 . 



62 
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1.8 

Galangin 2.8 81 
Naringenin _ _110_ _.^^^^ m 30± 

Hespcmfin *\ % ~ 1 \*-.>200 >200 

Naringin ' ">1000 ' > >1000 

Bergamaain >100 >100 

6',7'-DHB >I00 >100 

Bergapteo >100 >100 




Treatment 



1. Control 

X (+) Kswrnprmd, 250 pM 
Nnrin^mia, 250 phi 
S. (W) Kacf»iif«f«L 250 nM 




Fig. 1. Effect of kaempferol and naringenin on lovastatin A-*B permeability 
across Caco-2 membrane (A) and ratio of lovastatin acid and lovastatin in Caco-2 
cells at 1 h (B). 

appreciably inhibit the hydrolysis of PNPA. Estimates of IC 50 for 
human liver microsomes were 80 for morin, 81 for galangin, 
62 pM for kaempferol, 43 /xM for quercetin, and 30 fiM for narin- 
genin. 

Effect of Kaempferol and Naringenin on A-to-B Permeability in 
Caco-2 Cells. The permeability of lovastatin was not altered by 
GF120918 alone (-0.5%), and was increased by 65, 64, and 66% by 
kaempferol (250 /lM), naringenin (250 fjM), and the mixture of 
kaempferol (250 yM) and GF120918 (2 /iM; Fig. 1A). In Caco-2 
cells, at 1 h, the intracellularly trapped lovastatin was not significantly 
altered, with the respective values of 1 17, 95.8, 105, and 116% of the 
control (1316 pmol), whereas the trapped amount of lovastatin acid 
was unaffected by GF120918 alone (120%) and decreased to 54.5, 
28.6, and 51.6% by kaempferol, naringenin, and a mixture of 
kaempferol and GF120918 relative to the control (161 pmol). The 
overall ratios of lovastatin acid to lovastatin in Caco-2 cells were 
decreased and are shown in Fig. IB. The permeability of enalapril was 
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1. Control 

2. (+) Kaempferol, SO pM 

3. (+) Kaempferol, 250 pM 

4. (+) Naringenin, 50 pM 

5. (+) Naringenin, 250 pM 



^1 II 



Rg. 2. Effect of kaempferol and naringenin on (A) enalapril A-to-B permeability 
across Caco-2 membrane, and (B) ratio of enalaprilat and enalapril in Caco-2 cells 
at 1 h 



increased by 106, 79.4, 188, and 219% with kaempferol (50 and 250 
fiM) and naringenin (50 and 250 /xM), respectively (Fig. 2A). The 
corresponding intracellularly trapped enalapril in Caco-2 cells at 1 h 
was increased by 67.3, 69.1, and 26.2%, and decreased by 11% 
relative to the control (9.9 pmol); and enalaprilat was decreased to 
54.5, 36.8, 57.8, and 39.7% relative to the control (41 pmol). The 
overall ratios of enalaprilat to enalapril were decreased and are shown 
in Fig. 2B. The amount of lovastatin acid and enalaprilat on the donor 
side, at the end of the incubation, was very low and was not affected 
by kaempferol and naringenin. 

Effect of Kaempferol and Naringenin on Enalapril and Lova- 
statin Hydrolysis in Rat liver Microsomes or S9 Fractions. The 
percentage of lovastatin hydrolyzed in rat liver S9 (8.8 pmol/min/mg) 
was reduced to 55, 72, 54, and 24% of the control by kaempferol, 
naringenin, BNPP, and PMSF, respectively (Fig. 3A). Enalapril hy- 
drolysis in rat liver microsomes (62.8 pmol/min/mg) was reduced to 
29, 66, 19, and 1% of the control by kaempferol, naringenin, BNPP, 
and PMSF, respectively (Fig. 3B). 

Effect of Kaempferol and Naringenin on Oral Pharmacokinet- 
ics of Lovastatin Acid and Enalaprilat in Rats. The plasma con- 
centration-time profiles of lovastatin acid and enalaprilat in rats 
following oral coadministration of lovastatin and enalapril (10 
mg/kg) with water, kaempferol (2 and 10 mg/kg), and naringenin (2 
and 10 mg/kg) are shown in Figs. 4 and 5. The PK data are shown in 
Table 2. 

Effect of Kaempferol on the Portal Plasma Pharmacokinetics of 
Lovastatin. The portal vein plasma concentration-time profiles of 
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Fig. 3. Inhibition of hydrolysis of lovastatin (5 jtM) in rat liver S9 fraction (A) and 
enalapriJ (5 jiM) in rat liver microsomes (B) by kaempferol, oaringenin, BNPP. and 
PMSF. 
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Fro. 4. Plasma concentration-time profiles of lovastatin acid following oral admin- 
istration of lovastatin at 10 mg/kg with water (A) or naringenin (2 and 10 mg/kg) 
with water or kaempferol (2 and 10 mg/kg) (B). 

lovastatin, lovastatin acid, and the major oxidative product, 6'0- 
hydroxylovastatin, following oral coadministration of lovastatin (10 
mg/kg) to rats with water or kaempferol (10 mg/kg) are shown in Fig. 
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Fig. 5. Plasma concentration-time profiles of enalaprilat following oral adminis- 
tration of enalaprD at 10 mg/kg with water (A) or naringenin (2 and 10 mg/kg) with 
water or kaempferol (2 and 10 mg/kg) (B). 



6. The 6'0-hydroxylovastatin was identified by LC/MS/MS spectral 
comparison with the published data (Halpin et al., 1993) and quanti- 
tated in plasma using lovastatin standard curves. The portal plasma 
PK parameters are shown in Table 3. The AUC ratio of 6'0-hydroxy- 
lovastatin and lovastadn was 0.064 and 0.078 in rats upon coadmin- 
istration of lovastadn with water and kaempferol, respectively. 

Discussion 

Inhibition of Esterase Activity in Purified Porcine Esterase and 
Human Liver Microsomes* The 10 grapefruit components investi- 
gated in this study belong to two major and widely known classes, 
flavonoids (aglycones and glycosides) and furanocoumarins. In the 
earlier years, grapefruit flavonoids were extensively studied for their 
CYP3A inhibition potential for understanding the GFJ effect on oral 
bioavailability of CYP3A substrates. Although these flavonoids in- 
hibited CYP3A4 in vitro, they did not reproduce the grapefruit juice 
effect when administered orally (Bailey et al., 1993; Rashid et al., 
1993). Currently, it is believed that the furanocoumarins, bergamottin 
and 6\7'-DHB, in GFJ are responsible for the GFJ interaction by 
competitive and mechanism-based inhibition of CYP3A in the small 
intestine. These two potent CYP3A inhibitors, in the current study, 
were found to be devoid of esterase-inhibitory activity in purified 
porcine esterase and human liver microsomes at 100 jiM, a concen- 
tration higher than that found in GFJ. Some of the flavonoids, on the 
other hand, were found to have esterae-inhibitory activity. The effect 
of flavonoids in aglycone form on carboxylesterases is distinguishable 
from that of flavonoids in glycoside form Naringin and hesperidin, 
the two glycosidic flavonoids, did not inhibit PNPA hydrolysis at 
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TABLE 2 

Effect of naringenin (2 and 10 mg/kg) and kacmpfcrol (2 and 10 mg/kg) on PK parameters of enalapritat and lovastalin acid following oral coadministration with 

enalapril and lovastalin (10 mg/kg) to rats 

Data are mean values ± standard deviation (n = 3). 



Coadministration 




Enalapritat 






Lovastalin Acid 










AUC^ . 








nM-h 


h 




nAf-h 


h 


nM 


Water 

Naringenin 2 mg/kg 
Naringenin 10 mg/kg 
Kacmpfcrol 2 mg/kg 
Kaempferol 10 mg/kg 


5494 ± 2309 
6473 ± 3162 
7597 ± 2190 
8814 ± 3279 
11498 ± 3386* 


0.66 ± 0.28 
0.83 ± 0.29 
1.0 ± 0.0 
0.5 ~ 0.0 
0.8 - 0.2 


2163 ± 932 
2213 ± 882 
2620 ± 436 
3033 ± 1161 
4830 ± 1939 


325 ± 1.1 
84.1 ± 11.7* 

126 ±31.2* 
88.1 ± 16.5* 

112 ±11.1* 


0.4 ± 0.2 
1.7 ±0.6 
1.3 ±0.6 
1.6 ±0.5 
0.4 ±0.14 


28.5 ± 12.7 
38.0 ±6.9 
48.9 ± 8.2 

41.6 ±5.2 
710 ± 42.9 



* Statistically significant difference (P < Q.05X 
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Fig, 6. Portal plasma concentration-time profiles of lovastatin (top), lovastalin acid 
(middle), and 6' 0-hydroxyl ova statin (bottom) following oral administration of 
lovastatin (10 mg/kg) with water or kaempferol (10 mg/kg). 6'0~Hydroxylovastatin 
was quantitated in plasma using lovastatin standard curves. 



concentrations found in GFJ. However, the five flavonoids morin, 
galangin, kaempferol, quercetin, and naringenin, aglycone forms, 
markedly inhibited PNPA hydrolysis by purified porcine esterase, 
with IC 50 values in the low micromolar range, 1.8 to 110 /iM, and by 
human liver microsomes with IC 50 values in the range of 30 to 81 /iM. 
The higher values with human liver microsomes are believed to be 
due to a higher protein concentration (lower free concentrations) than 



that in purified enzyme, and do not necessarily reflect species differ- 
ences. Nevertheless, these data show that there is a potential of 
esterase inhibition by these flavonoids in vivo in humans. The com- 
bined effects of flavonoids could contribute significantly to the GFJ 
effects on the pharmacokinetics of ester prodrugs. The effect of 
kaempferol and naringenin, two of the major and potent esterase- 
inhibitory flavonoids in GFJ, on the permeability of enalapril and 
lovastatin in the Caco-2 model, hydrolysis in the rat liver system, and 
pharmacokinetics in rats were examined Kaempferol was reported to 
inhibit CYP3A and Pgp in vitro (Jignesh et al., 2004). Caco-2 cells 
used in our study were determined to show Pgp and esterase activities, 
but only a minor CYP3A activity (data not shown). Thus, in this 
Caco-2 model, the effect of kaempferol on lovastatin could mainly be 
due to Pgp and/or esterase. Kaempferol and naringenin led to en- 
hancement of the A-to-B permeability of lovastatin and enalapril 
(Figs. 1A and 2A). GF1 20918, a Pgp and BCRP inhibitor (Xia et al., 
2005), failed to significantly alter lovastatin permeability, suggesting 
that the contribution of Pgp to the permeability of lovastatin was 
negligible. Thus, it is mainly the esterase inhibition attribute of 
kaempferol and naringenin that led to the higher permeability of 
lovastatin and enalapril. As expected, in these experiments the intra- 
cellularly trapped lovastatin acid and enalaprilat were reduced by 
kaempferol and naringenin, as indicated by decreases in the ratios of 
lovastatin acid to lovastatin to 59, 27, and 45% by kaempferol, 
naringenin, and a mixture of kaempferol and GF1 20918 (Fig. IB), and 
by decreases in the ratios of enalaprilat to enalapril to 27, 19, 44, and 
. 38% by kaempferol (50 and 250 ^Jvl) and naringenin (50 and 250 
fiM), respectively (Fig. 2B). 

Esterase Inhibition in Vitro and in Vivo in Rats. Hydrolysis of 
enalapril in rat liver microsomes or hydrolysis of lovastatin in rat liver 
S9 fraction was inhibited by both kaempferol and naringenin, two of 
the major flavonoids in GFJ. Kaempferol seemed to be a more potent 
esterase inhibitor than naringenin in the rat liver system. In vivo, the 
AUC of lovastatin acid was increased by 171, 246, 159, and 288% in 
rats following oral administration of lovastatin with kaempferol (2 and 
10 mg/kg) and naringenin (2 and 10 mg/kg), respectively, compared 
with dosing with water (Table 2). Practically no unchanged lovastatin 
was detected in plasma, because of its rapid hydrolysis by plasma 
esterases. BNPP, a known esterase inhibitor, produced an effect 
similar to those of kaempferol and naringenin (Li et aL, 2007). The 
positive BNPP effect suggested that the esterase plays a significant 
role in modulating the oral exposure to lovastatin. Thus, the large 
increase in AUC observed with kaempferol and naringenin was a 
combination of their effects due to CYP3 A and esterase inhibition. To 
differentiate the modes of kaempferol and naringenin effects via 
CYP3A inhibition, esterase inhibition, and/or a combination of both, 
portal vein-cannulated rats were dosed with water or with kaempferol 
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TABLE 3 

Portal plasma PK parameters of lovastatin, lovastatin acid, and 6' ' fi-hydraxyiovastatin following oral coadministration of lovastatin (10 mg/kg) 

with water and kaempferol ( 10 mg/kg) 

Data are mean values *t standard deviation (n — 4). 



Coadministration 




Water 






Kaempferol. i0 mg/kg 




. ... AVCfHtb.. .._ .. 






AUC Mb 




<W 




nM -h 


h 


nM 


nM 


h 


nM 


Lovastatin 


1440 ±678 


Z3 ± 0.7 


358 ± 67 


3662 ± 990* 


2.4 ± 2.0 


985 ± 410 


Lovastatin acid 


3960 ± 482 


2,1 -Z5 


1042 - 191 


8420 ± 2698* 


2.5 ± 1.7 


2425 ± 946 


6' 0-Hydroxylovastarin 


93 ±49 


L6 ± 0.9 


60 ±39 


286 ± 143* 


3.1 ± 2.0 


105 ± 51 



* Statistically significantly difference {P < 0.05L 

(10 rag/kg). The portal plasma exposure of lovastatin acid, lovastatin, 
and 6'0-hydroxylovaslatin with kaempferol showed 113, 154, and 
208% higher AUC values than did dosing with water. Once absorbed, 
lovastatin is rapidly converted to lovastatin acid in rat plasma with a 
half-life shorter than 5 min. Lovastatin is known to be metabolized by 
. CYP3A to 6' j3-hydroxylovastatin as one of the major oxidized products 
(Halpin et aL, 1993). The possible effect of kaempferol on lovastatin 
exposure by inhibiting intestinal CYP3A was examined by comparing the 
AUC ratio of oxidized metabolite 6'/3-hydroxylovastatirj to lovastatin. 
The 6'/34iydroxylovastatiii was identified by LC7MS/MS spectra] com- 
parison with the published data (Halpin et aL, 1993) and quantitated in 
plasma using lovastatin standard curves. The AUC ratio of 6' j3-hydroxy- 
lovastatin to lovastatin stayed low at 0.064 and 0.078 for coadministration 
with water and kaempferol, respectively (Table 3), indicating that 
kaempferol did not markedly inhibit CYP3A activity in rats. This finding 
is consistent with findings in the literature that kaempferol and naringenin 
are weak CYP3A inhibitors with IC 50 values greater than 100 /iM (Ho et 
al., 2001). In general, the absorption of GFJ components is considered to 
be poor, and their action is postulated to be mainly in the small intestine 
(Schraiedlin-Ren et al., 1997; He et al., 1998). 

The exposure to enalaprilat was also increased by 18, 38, 60, and 
109% in rats following oral adrainistration of enalapril with naringe- 
nin (2 and 10 mg/kg) and kaempferol (2 and 10 mg/kg), respectively, 
compared with dosing with water (Fig. 5; Table 2). Enalapril is only 
metabolized by carboxylesterase (hCEl), and is not a CYP3A sub- 
strate; thus, the esterase inhibition by kaempferol and naringenin led 
to an increase of enalaprilat after oral exposure in rats. This is 
consistent with the increased exposure of enalapril when coadminis- 
tered with the esterase inhibitor BNPP (Li et al., 2007), as well as with 
the in vitro data. 

Overall, the study identified the flavonoids as active components in 
grapefruit juice that are partly responsible for esterase-inhibitory activity 
in vitro in rat liver, in human liver and Caco-2 systems, and in vivo in 
rats. Two of the flavonoids, kaempferol and naringenin, showed signif- 
icant exposure increases for the active acids in rats when coadministered 
with lovastatin and enalapril. The results show that the flavonoids have 
the potential of being used clinically to selectively inhibit esterase activity 
for enhancing the oral absorption of ester prodrugs. 
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Abstract 

The anti-inflammatory activities of flavonols (quercetin, rutin and morin) and flavanones (hesperetin and hesperidin) were investigated 
in animal models of acute and chronic inflammation. Rutin was only effective in the chronic process, principally in adjuvant arthritis. 
On neurogenic inflammation induced by xylene, only the flavanones were effective; besides, these compounds were the most effective on 
subchronic process. The most important compound in reducing paw oedema induced by carrageenan was quercetin. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Flavonoids; Anti-inflammatory activity; Animal inflammation models; Adjuvant arthritis 



1. Introduction 

The inflammatory process involves a series of events that 
can be elicited by numerous stimuli, for example, infection 
agents, ischemia, antigen-antibody interactions, chemical, 
thermal or mechanical injury. The inflammatory responses 
occur in three distinct phases, each apparently mediated by 
different mechanisms: an acute one characterized by local 
vasodilatation and increased capillary permeability, a sub- 
acute phase characterized by infiltration of leukocyte and 
phagocyte cells and a chronic proliferative phase, in which 
tissue degeneration and fibrosis occur. 

Many potential anti-inflammatory agents are evaluated in 
the pharmaceutical industry and animal models are used ex- 
tensively in the testing of them. Winter et al. [1], showed 
in rats that acute inflammatory response to carrageenan is 
a local process and is not know to be antigenic. Acute in- 
flammation generated by carrageenan induces the activation 
of gelatinases and collagenases [2]. Turner [3] and Di Rosa 
et al. [4] reported that the carrageenan induced inflamma- 
tory process in the rat involves three phases: an initial re- 
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lease of histamine and serotonin (first 1.5 h), a second phase 
mediated by kinins (1 h following phase 1) and last, a third 
phase mediated by prostaglandins. Therefore, seems to pro- 
duce an inflammatory response by a mechanism different 
from that of agents such as xylene or the anaphylactic reac- 
tion towards dextran. Xylene induces a neurogenic inflam- 
mation when it is applied topically. This inflammation has 
begun to emphasize the cellular mechanisms involved in 
regulating the release of pro-inflammatory substances from 
sensory neurones [5], The cotton wool granuloma described 
first by Meier et al. [6] reflects the chronic proliferative in- 
flammation. On the other hand, adjuvant-induced arthritis 
(ALA) is developed after injection of complete Freund's ad- 
juvant into rats [7]. It is a systemic disease with articular 
and visceral manifestation that resembles rheumatoid arthri- 
tis. It is characterized by chronic evolution with recurrent 
inflammatory bouts resulting in periarticular, articular and 
bone lesion [8]. Pearson described it originally in 1956 us- 
ing Wistar rats [9]. Although the etiology of ALA is not well 
understood. 

Flavonoids are compounds biosynthesized by most of 
plants and were found to possess significant activity on the 
inflammatory process [10]. Therefore, the current study was 
designed to in ves tigate c omparative efficacy of flavonols: 
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Structures of compound tested 





Hesperidin 



Hesperetin 



Flavonols 




Rutin 




Morin 



Fig. 1. Structures of compound tested 



2. Material and methods 



2.1. Animals 



Rockland mice weighing 30-35 g and Wistar albino rats 
weighing 160-1 80 g fed on standard chow and tap water 
ad libitum were used. The animals were housed at a room 
temperature of 24 ± 1 °C with 12 h light/dark cycle. The 
animals were randomly assigned to different group and 
a period of 4 days was allowed for adaptation on each 
experiment 

2.2. Drugs 

Complete Freund's adjuvant, phenylbutazone and car- 
rageenan type IV were purchased from Sigma, USA. 



3. Experimental procedure 

3.1. Methods for testing acute inflammation 



s.umm^n^S^m^ice 

The mice were injected with carrageenan in the paw to 
produce acute inflammation. A total of 42 mice were di- 



vided into seven groups of six. Group 1 served as a control 
and received normal saline. Group 2 was administered with 
an intraperitoneal injection of phenylbutazone (SOmgkg"" 1 ). 
Groups 3, 4, 5, 6 and 7 were injected intraperitoneally with 
rutin (ISOmgkg*" 1 ), hesperidin (lSOmgkg^ 1 ), quercetin, 
morin and hesperetin ^mgkg" 1 ), respectively. All drugs 
were suspended in normal saline and were administered 1 h 
before the carrageenan 3.5% injection. 

Paw volume was measured by the volume displacement 
technique using a plesthymometer Ugo Basile (Italy), it 
was sensitive to 0.01 ml volume changes, pre-treatment 
and post-treatment of carrageenan at 1, 3, 5 and 7h. 
Percentage inhibition of inflammation induced by each 
was calculated with respect to its vehicle treated control 
group [11]. 

}^^^^^^^^^^Mp S ^^n groups of six each. 
One hour after intraperitoneal injection of the flavonoids 
(0.25 M kg" 1 ), 0.03 ml of xylene was applied to the ante- 
rior and posterior surfaces of the right ear. The left ear was 
considered as control. Thirty minutes after xylene applica- 
tion, mice were killed by euthanasia within an atmosphere 
of ether and both ears were removed. Circular sections 
were taken, using a cork borer with a diameter of 7 mm, 
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and weighed. The increase in weight caused by the irritant 
was measured by subtracting the weight of the untreated 
left ear section from that of the treated right ear section 
[12]. 

3.2. Method for testing the proliferative phase 

3.2.1. Cotton pellet granuloma 

A total of 35 rats were anaesthetized with ether. The 
back skin was shaved and disinfected with 70% ethanol. An 
incision was made in the lumbar region. Using a blunted 
forceps subcutaneous tunnels were formed and sterilized 
cotton peDet weighing 50 mg was introduced. The animals 
were divided into seven groups of six rats. Five groups 
were treated subcutaneous ly with rutin and hesperidin 
50 mgkg" 1 and quercetin, morin and hesperetin 25 mgkg -1 
once daily for six consecutive days. In another group, dex- 
amethasone 7 mgkg" 1 was administered subcutaneously as 
a standard anti-inflammatory drug, whereas normal saline 
was injected to the control group. On day 7, the rats were 
killed by ether and the cotton pellets were excised and were 
dried until the weight remains constant. The increase in the 
pellet weight was considered as granuloma tissue deposit 
[6]. 



after intraperitoneal administration of the rutin, quercetin, 
hesperedin, morin, indomethacin and phenylbutazone. The 
degree of pedal oedema was determined by measuring both 
hind paws volume by plethysmograph (Ugo Basile). Plethys- 
mographic measurements were made before the adjuvant in- 
jection (day 0), and were repeated again 6 days later at 3 
and 5h (acute phase) and discontinued from days 7 to 21 
(chronic phase) after carrageenan injection. 

Rutin, quercetin, hesperidin and morin (test groups) in 
doses of 75 mgkg -1 , phenylbutazone (80 mgkg -1 ) and in- 
domethacin (6 mg kg" 1 ) (standard group) were administered 
intraperitoneally 1 h before the carrageenan injection and 
once every day at the same time throughout the experiment. 
The vehicle used was saline solution. The inhibition per- 
centage of oedema was calculated for each animal group in 
comparison with control group. 



Data obtained from pharmacological experiment are ex- 
pressed as mean values ±S.D. Differences between the con- 
trol and the treatments in this experiment were tested for 
significance using analysis of variance followed by Dunnet's 
test. A probability of P < 0.05 was considered significant; 
a probability of P < 0.01 was considered very significant. 



3.3.1. Adjuvant arthritis 

Experimental arthritis was induced in rats according to 
the method of adjuvant-carrageenan-induced inflammation 
(ACII) [13]. A total of 49 rats were divided into control, 
standard and test groups of seven animals each. On day 0, 
all of them received an injection of 0.1 ml Freund's com- 
plete adjuvant intradermally at the base of the tail. Six days 
after the adjuvant inoculation (day 6), a suspension of 0. 1 ml 
of carrageenan (2%, w/v in saline solution) was injected in 
the subplantar region of the left hind paw of the rat, 1 h 



4. Results 

4.1. Effect on carrageenan-induced paw in mice 

The results of the treatment with test agent were shown 
in Table 1 . As can be seen, quercetin, hesperetin and morin 
showed significant inhibition. Quercetin had the highest 
anti-inflammatory effect. Morin inhibited the inflammatory 
process at_3 and 5 h , while hesperetin did it only at 3JpNo^ 

'®^^md)riesperidj^^ 



Tabic 1 

Effect of intraperitoneal doses of fiavonoids on carrageenan-induced paw oedema in mice 



Treatment 



Doses 
(mgkg- 1 ) 



lb 



3h 



5h 



7h 



Oedema Inhibition Oedema Inhibition 

volume (%) volume (%) 

(mJ) - (M.Q 



Oedema 
volume 

04) 



Inhibition 
<%) 



Oedema 

volume 

(u-Q 



Inhibition 
(%) 




^HesJ^bjf 
'HespSnSin* 
Phenylbutazone 



The increase in volume caused by 
Inhibition (%) represent percentage 

* P < 0.05 (Dunnet's test). 

mm P<0.0\ (Dunnet's test). 



carrageenan was measured by subtracting the volume of the untreated right paw from that of the treated left paw. 
reduction paw volume compared with the controls. Values are the mean ± S.D. for six mice. 
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Table 2 

Effect of the intraperitoneal doses of flavonoids on xylene-induced ear 
swelling in mice 



Treatment 


Dose 


Ear swelling 
(mg) 


Jnhftntkm (20 


Control 
Rutin 


0.25 


30.1 ± 5.6 
27.3 ± 7 




Morin 


0.25 


2Z1 ± 3.1 


26 /! 


^HesperiHml^ 
Hesperetin 


0.25 


16.9 ±5.9 


44** 7 



The increase in weight caused by the irritant (xylene) was measured by 
subtracting the weight of the untreated left ear section from that of the 
treated right ear sections. Inhibition (%) represent percentage reduction 
ear weight compared with the controls. Values are the mean ± S.D. for 
six mice. 

•• P < 0.01, compared to control (normal saline) (Dunnet's test). 




4.3. Effect on cotton pellet granuloma 

In the anti-inflammatory study using cotton pellet 
(Table 3), the five compounds produced significantly re- 
duce in the ^granulonia^fonriation^uUm 



4.4, Effect on adjuvant arthritis 

The effect of flavonols (rutin, quercetin and morin) and 
flavanone (hesperidin) were shown in Table 4. 

Rutin, quercetin and morin decreased the oedema pro- 
duced in the^acute phase, induced 3-5 h after carrageenan 

In the chronic phase (7-21 days) only rutin was signifi- 
cantly active all the days. Quercetin had no significant action 

Table 3 

Effect of the subcutaneous doses of flavonoids on cotton pellet granuloma 
test 



Treatment 



Doses 
(mgkg~») 



Granuloma 
weight (mg) 



Inhibition (%) 



/Control 
(Rutin 
fQuercetiff 
Morin 

sHespCTflffife 



50 




Hesperefahi 
Dexamethasone 



855 ±73 

650 ± 45 24' 

"48? db 87" 43** 

All ± 36 50*' 



mm. 



^ Inhibition (%) represent percentage reduction of granuloma weight com- 
pared with the controls. "Values are the mean ± S.D. for six rats. 
* P < 0.01 (Dunnet's test). 

P < 0.005 (Dunnefs test), 
*** P < 0.001 (Dunnet's test). 



on the 7, 12 and 21 days, while morin showed no significant 
action on 8 and 20 days during the chronic phase. Hesperidin 
showed no significant activity on days 9, 14, 19 and 16. 



5, Discussion 

jnpids are polyphenols compounds that occur ubiq- 
fously in foodls of plant origin. Variations in the hete- 
rocyclic ring C give rise to flavonols, flavones, catechins, 
flavanones, anthocyanidins and isoflavonoids [14]. Biologi- 
cal assays using isolated compounds reveal that flavonoids 

haye|b&en^owimtoi 



have shown that these compounds inhibit a wide variety 
of enzymatic systems. The ability of certain flavonoids 
to inhibit both cyclooxygense and 5-lipooxygenase path- 
ways of the arachidonate metabolism may contribute to 
the anti-inflammatory properties [16]. On the other hand, 
flavonoids are known to display many antioxidant proper- 
ties including scavenging free radicals and preventing lipid 
peroxidation [17]. These activities seem to be directly re- 
lated to the number of hydroxyl group at ring B [18]. In 
the present study, flavonols and flavanones exhibit sizable 
anti-inflammatory effects. 
Quercetin, morin (flavonol s) and hggJ^JSSl 

jnatojs^ was 
ht^er than observed after phenylbutazone administration. 

According to Di Rosa et al. [4] and Vineger et al. [19,20], his- 
tamine and serotonin were mainly released during first 1 .5 h 
after carrageenan injection. Kinin was released from 1.5 to 
2.5 h and at the last step inflammation was continued until 
5 h by prostaglandins. Froln?^ 
.toe^ffiuipen^^ 



rj i 6 c ^ffiir^ 

frel^sejof kinint 

Tn the cellular mechanism of neurogenic inflammation in- 
duced by xylene [5], there are a number of potential sub- 
stances released from capsaicin-sensitive sensory neurones, 
most evidence supports the notion that the neuropeptides, 
substance P, are major initiators of inflammation. It was very 
interesting to observe that only flavanones hesperidin and 
hesperetin were involved in these inflammatory process. 

Comparisons were made between flavanones and 
flavonols in the proliferative phases of inflammation. Our 
findings demonstrate that both are capable of inhibiting the 
development of cotton pellet induced granuloma. 

Inflammation in rheumatoid arthritis involves complex re- 
sponse of chemical mediators, chemotactic factors, leuko- 
cytes and phagocytes causing injury to cartilage and other 
tissues. Beneficial effect of flavonoids was demonstrated. 
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However, rutin had the highest effect in the experimental 
arthritis. 

In conclusion, the present study shows marked anti- 
inflammatory action by tested agents in different inflamma- 
tion models and we could infer that rutin was only effective 
in the, chronic 
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Citrus fruit hesperidin is hydrolyzed by gut microflora into aglycone form (hesperetin) and then 
conjugated mainly Into glucuronides. We previously demonstrated that hespere tin enha need 
osteoblast differentiation. In this study, we examined the effect of|^|^^j^^^ §l^^ ^^ 
(Hp7G) on primary rat osteoblast proliferation and differentiation. The impact of Hp7G on specific 
bone signaling pathways was explored. Osteoblast s were ex po s^^ 
of 1 (Hp7G1) and 10 (Hp7G10) /fM ot^njugate./ll^ 

^^^ii?ei.Hp7G significantly induced mRNA expression of ALP, Runx2, and Osterix after 48 h of 
exposure. Moreover, phosphorylation of Smad1/5/8 was enhanced by Hp7G, while ERK1/2 
remained unchanged after 48 h. Hp7G decreased RANKL gene expression. These results suggest 
that Hp7G may regulate osteoblast differentiation through Runx2 and Osterix stimulation, and might 
be implicated In the regulation of osteoblast/osteoclast communication. 



KEYWORDS: Flavonoid metabolite; hesperetin 7-O-glucuronlde; osteoblast differentiation; Osterix; 
Runx2 



INTRODUCTION 

Hesperidin (hesperetin-7-O-rutinoside) is a glycoside flavonoid 
belonging to the flavanone subgroup, found mainly in citrus 
fruits. When absorbed, hesperidin is hydrolyzed by gut microflora 
into the aglycone form (hesperetin) and then conjugated by the 
phase IT drug-metabolizing enzymes into glucuronides (87% of 
total metabolites of hesperetin), sulfates, or sulfoglucuronides 
(1,2). In rodents fed 0.5% hesperidin in the diet, the circulating 
concentrations of aglycone hesperetin ranged from 3.5 to 
5.5 fiM (J, 4\ while 1 fM was measured in humans (1). Several 
biological activities such as antioxidant, anti-inflammatory, an- 
algesic, and lipid lowering effects (5) have been attributed to 
hesperidin and its metabolites. Some authors have shown that 
hesperidin inhibits bone loss in ovariectoraized mice (3) or rats (4) 
and prevents bone loss in male orchidectomized rats (6). The 
mechanisms by which hesperidin may affect skeletal metabolism 
still remain unclear. Nevertheless, it was recently shown that 
hesperetin may regulate primary rat osteoblast differentiation 
through bone morphogenetic protein (BMP) signaling (7). 

The metabolism of flavonoids is similar to that of xenobio- 
tics (#). Even if conjugates have been presented as forms of 
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elimination and detoxification, in vitro biological properties of 
flavonoid conjugates found in vivo were reported (9); One 
reported study tested conjugated forms in osteoblastic cells and 
demonstrated that quercetin-3-glucuronide was able to increase 
the bone sialoprotein mRNA level in osteoblast-like ROS 17/2.8 
cells (JO). Only two in vitro studies were performed using 
hesperetin conjugates such as glucuronides in skin fibroblast 
cells {11) and hesperetin 7-O-glucuronide and 5-nitro-hesperetin 
in cortical neurons (12). To date, no effect of hesperetin conjugate 
on osteoblasts has been reported. 

The available studies reporting flavonoid effect on osteoblastic 
cells have been performed with aglycone compounds. These 
compounds were able to stimulate ALP activity, which is one 
of the major osteoblast differentiation markers probably by 
upregulation of expression of two transcription factors such as 
Runx2 and Osterix (13) strongly implicated in the regulation of 
osteoblast functions (!4\ Moreover, Runx2 has a central func- 
tion in coordinating multiple signals including AP-1 (commonly 
composed of c-Jun/c-fos) and Smad factors, which are involved in 
osteoblast differentiation (15). Runx2 and Osterix also play a role 
in the BMP pathway that may, in turn, activate different signaling 
cascades and Smad-dependent and independent pathways, in- 
cluding ERK. JNK, and p38 MAPK (16). Within flavonoids, 
there is also evidence that they are susceptible to the influence of 
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the OPG/RANKL/RANK regulatory triad implicated in the 
osteoblast and osteoclast relationship (77, 18). Osteoblasts pro- 
duce both receptor activator of nuclear factor-kappaB (RANK) 
ligand (RANKL) and osteoprotegerin (OPG). OPG acts as a 
decoy receptor for RANKL and thereby neutralizes its function 
in osteoclastogenesis. Bone homeostasis depends on the local 
RANKL/OPG ratio {19). 

The aim of this study was to assess the effect of hesperetin 
conjugate on osteoblast functions and the molecular mecha- 
nisms involved. Thus, the influence of hesperetin-7-O-glucuro- 
nide (Hp7G) at physiologically relevant concentration (1 and 
10 fM) was tested in primary rat osteoblasts. 

MATERIALS AND METHODS 

Synthesis of Hesperelin-7-0-glucuronide. Hesperetin 7-0-glucur- 
onidc (Hp7G) has been chemically prepared by glucuronidation of its 
suitable precursor using 2,3,4-triacetyl-D-methyJ ghicurono^Tanosyl- 
(/V-phenyl)-2,2>tiifluoroacetimidatc, followed by acetate deprotection 
using zinc acetate, and methyl ester hydrolysis using Pig Liver Esterase, 
according to Boumendjel et al. {20). The purity of the synthesized molecule 
examined by HPLC was 100%. 

Cell Culture. Primary osteoblasts were isolated from the calvaria of 
newborn Wistar rats (INRA, Theix, France) by enzymatic digestion as 
described previously {21), Cells were maintained in a-rninimal essential 
medium (a-MEM) (GIBCO, Paisley, UK) with 10% heat-inactivated fetal 
bovine serum (FBS) and 1% rjemciltin/staptomycin (GIBCO, Paisley, 
UK) in 5% COi at 37 °C conditions. Ceils were seeded on type 1 collagen- 
coated (BD Biosciences, Bedford, USA) 96-well plates at a density of 
3500 cells/w, in 60 mm Petri dishes (4 x 10 5 cells/dish) or in 100 mm Petri 
dishes (5 x 10 s cells/dish), and cultured for 2 days in a-MEM to reach 
confluence (which correspond to day 0 of cell culture for treatment exposure 
duration). Cells were then exposed to different conditions: minimal medium 
(C-), minimal medium containing 50 figlmL ascorbic acid, 5 mM 
/^glycerophosphate (C+, optimized medium), and minimal medium supple- 
mented with 1 fM (Hp7Gl) or 10//M (Hp7G10) hesperetin-7-0-ghicuro- 
nide (Hp7G). Hp7G was dissolved in DM SO. In every condition, the final 
concentration of DMSO in medium was 0.1 %. The medium was changed 
every 2 days. All cell experiments were performed in triplicate. 

Cellular Uptake. Eight percent confluent cells were exposed for 
24 h to 40 fiM hesperetin (Hp), hesperetin- 7-O-glucuronide (Hp7G), or 
vehicle (0.1 % DMSO). Culture medium was collected after 0, 8, and 24 h 
of exposition in the presence or absence of cells and extracted with 
IS volumes Me0H/H 2 O (70:30) acidified with 200 mM HCU After 
ccntrifugation (14000 rpm for 4 min), extracts were analyzed by liquid 
chromatography- tandem mass spectrometry (HPLC-MS/MS). The 
recovery rate for the extraction of Hp7G and Hp from the culture medium 
was 86 and 75%, respectively. 

After 24 h of exposure, cells were rinsed three times usiug PBS (Sigma, 
Steinheim, Germany) then exposed to 0.5 mL of MeOH/H 2 0 (70:30) 
acidified with 200 mM HC1 and scraped using a cell scraper (BD Falcon, 
Bedford, USA). These extraction conditions, in particular the small 
volume of solvent added, were chosen to maximize the concentration of 
metabolites in the extracts in order to facilitate a qualitative analysis of the 
metabolite uptake: however, they were not optimized for the quantitative 
analysis of flavanones in the intracellular medium^ 

HPLC-MS/MS Analysis. Liquid chromatography (LC) analyses 
were performed using a Hewlett-Packard 1 100 HPLC system (Agilent 
Technologies, Waldbronn, Germany) equipped with a quaternary pump 
and an autosamplcr. An Applied Biosystems API 2000 triple quadrupole 
mass spectrometer (PE Sciex, Ontario, Canada), equipped with a Turbo 
lonSpray source ionizing in the negative mode at 550 °C was used. 
Optimized parameters for the detection of Hp and Hp7G were the 
following: capillary voltage, -4500 V; collision gas, 5 (arbitrary units); 
and curtain gas, 30 (arbitrary units). Deciustering potential, focusing 
potential, entrance potential, and collision energy were optimized with 
infusion experiments of Hp (-50 V, -350 V, -5 V, and -30 V, 
respectively) and Hp7G (- 1 6 V, -350 V, - 1 0 V t and -26 V, respectively). 

A SymmetryShield RP18 column (Waters, Milford, MA, USA), 2.1 x 
150 mm i.d., 5 /an, was used for chromatographic separation. Linear 
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gradient elution was performed as follows: 0-20 min 85% A to 100% B, 
with 0. 1 % formic acid as mobile phase A and 100% acctonitrile as mobile 
phase B. The column was re-equilibrated for 10 min. The flow rate was 
400 /*L/min, and the injection volume was 20 fiL. 

Data were acquired using the multiple reaction monitoring (MRM) 
mode, monitoring the Hp transition (301/164) and the Hp7G transition 
(477/301). 

Cell Proliferation. Ceil proliferation was measured by determining 
DNA content on days 0, 5. 9, 14, and 19. Cells were incubated with 
2 /*g/mL of bisrxnzmiide H 33342 (Hoechst) in PBS at 37 °C. The total 
amount of DNA was measured with FLX800 Microplate Fluorescence 
Reader (Bio-Tek Instruments, Winooski, VT, USA) at 360 lira wavelength 
(excitation) and 460 nm (emission). Fold increase in cell number was 
calculated relative to the initial cell number on day 0 (value = I). 

ALP Activity Measurement. Enzymatic activity of alkaline phos- 
phatase (ALP) was measured kinetically on treatment days 0, 5, 9, 14, and 
19 according to the method described by Sabokbar et al. (22). Osteoblasts 
were lysed by the freeze-thaw cycle and homogenization into 200 of 
diethaooamine/magnesium chloride hexahydrate buffer at pH 9.8 (Sigma, 
Steinheim, Germany). Cell lysate (10 /*L) was added to 200 //L of 
/?-nilrophenyl phosphate solution (Sigma, Steinheim, Germany). Absor- 
bance was measured at 405 nm, 30 °C, and every 2 min 30 s during 30 min 
using an ELX808 microplate reader (Bio-Tek instruments, Winooski, VT, 
USA),. ALP activity was expressed as //mol p-nitrophenol/hour/mg 
protein. Protein measurement was performed according to Bradford's 
method using the BioRad protein assay (BioRad. Munich, Germany). 

Real-Time PCR. Upon confluence, cells were exposed to different 
media: C- C-K Hp7Gl , or Hp7G10 for 24 and 48 h. After 24 and 48 h of 
treatment, total RNA and proteins were isolated using the NucleoSpin 
RNA/Protein Kit (Macherey-Nagel, Hoerdt, France).. Total RNA con- 
centration and purity were measured with a NanoDrop spectrophot- 
ometer (Wilmington, USA). RNA integrity was checked using the RNA 
6000 Nano Assay kit with an Agilent 2100 bioanaiyzer (Agilent Technol- 
ogies, Santa Clara, USA). Reverse transcription of RNA was performed 
using the Ready-To-Go, You-Prime First-Strand Beads Kit (Amcrsham 
Biosciences, Piscataway, USA). The SYBR Premix Ex Taq (Perfect Real 
Time) (TaKaRa, Shiga, Japan) was used to quantify gene expression by 
Real-Time PCR. The PCR (program, 95 °C-30 s; 40 cycles, 95 °C-5 s; 
60 °C-35 s) was performed using Maslercyder Ep Realplex (Eppendorf, 
Hamburg, Germany). Target gene expression was normalized to the 
housekeeping gene 0-acun. The 2 _AACl method was applied to calculate 
relative gene expression compared to the C- condition, which corre- 
sponds to a value of I {23). The primers used for PCR are listed in Table 1 . 

Western Blot Analysis. Upon confluence, cells were exposed to 
different media: C-, C-K Hp7Gl, or Hp7GI0 for 24 and 48 h. The 
concentration of proteins isolated usiug the NucleoSpin RNA/Protein kit 
(Macherey-Nagel. Hoerdt, France) was measured by a BC assay kit 
(Uptima Interchim, Montlucon, France). Twenty-five micrograms of total 
protein was subjected to a 10% SDS-poiyacrylamide gel and transferred 
to Immobilon-P-PVDF membranes at 100 V for 1 h and 45 min. The 
membranes were blocked in 5% nonfat dry milk in TBS-T (0.5% Tween 
20) bulTer for 2 h. Blots were incubated with anliphospho-Smad 1/5/8 or 
antiphospho-ERKI/2 (Cell Signaling, Beverly MA, USA) at a 1:1000 
dilution for 1 h at room temperature, then probed with 1 2000 diluted 
antirabbit horseradish peroxidase (HRP) conjugated secondary antibody 
(Santa Cruz Biotechnology, Santa Cruz, USA) for 1 h at room tempera- 
ture. The blot signals were detected by enhanced chemiluminescence (ECL 
Plus, Amersham GE Healthcare. Buckinghamshire, UK). After stripping 
in a buffer containing 0.7% ^-mereaptoethanol, membranes were labeled 
with 1:500 diluted anti-Smad 1/5/8 (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) or 1:1000 diluted anti-ERKl/2 (Cell Signaling, Beverly 
MA, USA) and probed with 1:5000 diluted secondary antibody. 

Statistical Analysis. Results are expressed as mean ± SEM. ALP 
activity and cell proliferation on each day were analyzed using parametric 
one-way ANOVA, followed by multiple comparisons Fisher/LSD per- 
formed in XLSTAT version 7.52 (AddinSoft. Paris, France). 

Nonparametric test— Wilcoxon signed rank test (compared to control 
C-; hypothetical median = I) on GraphPad InStat 3 software (San Diego, 
CA, USA) was used for statistical analysis of gene expression, 
/rvalue < 0.05 was considered statistically significant. 
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An optimized medium (C+) was used as a positive control of 
differentiation, and Hp7G was added to minimal medium (C-) 
to observe its proper action and not in synergy with ascorbic acid. 

Cellular Uptake. The cellular uptake of Hp and Hp7G in 
primary rat osteoblasts was determined by HPLC-MS/MS ana- 
lysis after 24 h of cell exposure to 40 fM Hp or Hp7G. 

The compound stability in the growth medium was followed 
over 24 h in the presence and absence of cells. No degradation of 
the aglycone was observed in the absence of cells. In the presence 
of cells exposed to the aglycone, a peak with the characteristic 
MS/MS transition of hesperetin -glucuronide (MRM 477/301) 
was detected in the medium after 8 and 24 h, in concentration 
increasing with time (Figure 1). This peak showed the same 
retention time (8.19 min) as the standard Hp7G, suggesting that 
this specific metabolite was produced by the cells exposed to the 



Table 1. Primer Sequences for Real-Time PCR 


transcript 


primers (5'-&) 


product size 


/?-actin 


forward: AGTGTGACGTTGACATCCGTA 


112 bp 


reverse: GCCAGAGCAGTAATCTCCTTCT 




Runx2 


toward: CGATCTGAGATTTGTAGGCCG 
reverse: TCATCAAGCTTCTGTCTGTGCC 


159 bp 




forward- AAGAGGTTCACCCGCTCTGA 
reverse: TGATGTTTGCTCAAGTGGTCG 


122 bp 


OPG 


forward: GGGCGTTACCTGGAGATCG 
reverse: GAGAAGAACCCATCTGGACATTT 


125 bp 


RANKL 


forward: GGCCACAGCGCTTCTCAG 
reverse: AGTGACTTTATGGGAACCCGAT 


143 bp 


Noggin 


forward: CACTATCTACACATCCGCCCAG 


110 bp 


reverse: AGCGTCTCGTTCAGATCCTTCT 




BMP2 


forward: GCCAGGTGTCTCCAAGAGACAT 
reverse: AGCTGGACTTAAGACGCTTCCG 


179 bp 


BMP4 


forward: GACTTCGAGGCGACACTTCT 
reverse: GCCGGTAAAGATCCCTCATGTA 


100 bp 


Smadl 


forward: CCACAACCCTATTTCGTCGGT 
reverse: ATCCTGTCTGACTTCTCCGTCC 


102 bp 


SmadS 


forward: TGAACTGAACAACCGTGTCGG 
reverse: CCTGGTGTTCTCGATGGTTGAG 


151 bp 


c-Jun 


forward: CCTCCCGTCTGGTTGTAGGAAT 
reverse: CCCTTGCAACACCCTCTTCTTC 


145 bp 


ofos 


forward: TTCACCCTGCCTCTTCTCAATGAC 
reverse: GCCTTCAGCTCCATGTTGCTAATG 


82 bp 


ALP 


forward: ACAGCCATCCTGTATGGCAA 
reverse: GCCTGGTAGTTGTTGTGAGCA . 


97 bp 


OPN 


forward: AGCAAGAAACTCTTCCAAGCAA 
reverse: GTGAGATTCGTCAGATTCATCCG . 


129 bp 


OCN 


forward: TATGGCACCACCGTTTAGGG 
reverse: CTGTGCCGTCCATACTTTCG 


123 bp 
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aglycone. A minor peak also appeared at the same MS/MS 
transition and slightly higher retention time (8.3 min), and may 
correspond to the hesperethi-4'-0-glucuronide. Glucuronidation 
must have occurred inside the cells since glucuronidases are not 
present at the surface of cell membranes. 

When cells were exposed for 24 h to hesperetin, Hp but not 
Hp7G was detected in the cell extract (Figure 2B). The intracel- 
lular concentration of Hp7G was below the limit of detection 
(18,5 nmol/L) probably because Hp7G was exported outside the 
cells by transporters. 

When cells were exposed to Hp7G, a small hydrolysis into Hp 
(0.15%) was observed in the medium after 8 h and slightly 
increased at 24 h (0.6%) (chromatograms not shown). A small 
hydrolysis of Hp7G was also observed in the medium after 24 h in 
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Figure 1. MRM trace chromatograms at hesperetin 7-O-glucuronide 
transition (477/30t). (A) standard of hesperetin-7-Oglucuronide; 
(B) medium after 0 h of cell exposure to hesperetin; (C) medium after 
8 h of cell exposure to hesperetin; (D) medium after 24 h of ceil exposure to 
hesperetin. 
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Figure 2. MRM trace chromatograms at hesperetin (301/1 64) and hesperetin-7-Oglucuronide (477/301) transitions from (A) standards; (B) cell lysate after 
24 h of exposure to 40 //M Hp; and (C) eel) lysate after 24 h of exposure to 40 (M Hp7G. 
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Figure 3. Proliferation of primaiy osteoblasts cultured in minimal medium 
(C-; x), supplemented with 1 fM (Hp7G1; 0) or 10>M (Hp7G10; a) 
hesperetin 7-dglucuronide, or in optimized medium (C+; □) after 0, 5, 9, 
1 4, and 1 9 days of treatment. Fold increase in cell number was calculated 
relative to the initial cell number at day 0. Results are expressed as mean ± 
SEM, ***p < 0.001 vs C- Hp7G1. and Hp7G10. 
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Figure 4. ALP activity of primary osteoblasts cultured In minimal medium 
(C-; x), supplemented with 1 /<M (Hp7G1; O) or 10 (M (Hp7G10; a) 
hesperetin 7-O-glucuronide, or in optimized medium (C-f ; □) after 0, 5, 9, 
14, and 19 days of treatment. Results are expressed as mean ± SEM. 
"p< 0.01, — p< 0.001 vsC- 

the absence of cells (0.34%), but the extent of hydrolysis was 
clearly lower than that in the presence of cells. Furthermore, 
traces of Hp7G were detected in the cell lysate after 24 h-exposure 
(Figure 2C), even though the concentration was below our 
quantification limit. Hp was not detected in the cell lysate. Our 
data thus suggest a very limited but existing penetration of Hp7G 
in primary rat osteoblasts or interaction of Hp7G with the 
membrane of osteoblasts. 

Cell Proliferation. Impact of Hp7G on cell proliferation on 
days 0, 5, 9, 14, and 19 was assessed (Figure 3). As expected, 
increased proliferation was observed until day 5 and remained 
unchanged after this time in C+ conditions. While a significantly 
higher proliferation rate was observed in this condition compared 
to that in the others (p < 0.001), Hp7G did not influence 
proliferation. 

Osteoblast Differentiation (ALP Activity). Osteoblast differen- 
tiation was assessed kinetically by measuring ALP activity in cells 
treated for 19 days. 

In osteoblasts treated with ascorbic acid and ^-glyceropho- 
sphate (C+), ALP activity (Figure 4) was significantly increased 
compared to that in minimal medium (C-) from day 5 up to day 
19 (p < 0.003). Hp7Gat l^M(Hp7Gl)and 10^M(Hp7GlO)at 
day 5 decreased ALP activity when compared to C- (p < 0.01). 



However, when Hp7G was added at 1 //M, a significant increase 
of ALP activity on days 14 and 19 was observed (D14, H-16.6%; 
D19, +18%; p < 0.001 vs C-), while only a significant increase 
was noted on day 19 with the higher dose (D 19, +14%;/? < 0,001 
vs C-) (Figure 4). 

Gene Expression (Real-Time PCR). The changes in gene 
expression were considered significant when 20% up (1 .20-fold)- 
or down (1 20-fold)-regulation was obtained, compared to that 
ofC- (value = 1 .00). 

Runx2 and Osterix Expression. While Runx2 expression was 
significantly decreased in C+ and Hp7G10 conditions after 24 h 
of exposure, an increased Runx2 messenger level was measured 
after 48 h, whatever the treatment (C-f, 1 .94-fold; Hp7Gl , 2.66- 
fold; Hp7G10, 2.45-fold; p < 0.05 vs C-) (Figure 5A). Concern- 
ing Osterix, no effect from the treatments was observed after 24 h 
of culture. However, a decreased mRNA level was reported in C+ 
conditions (1.61-fold down-regulated; p < 0.05 vs C-), while 
Hp7G at both doses was able to up-regulate Osterix expression 
after 48 h of exposure (Hp7Gl, 1.32-fold; Hp7G10, 1.40-fold; 
p < 0.05 vs C-) (Figure 5A). 

OPG and RANKL Expression. Expression of OPG was 
significantly down-regulated in C+ medium at both times of 
treatment (24 h 3 1.96-fold; 48 h, 1.33-fold; p < 0.05 vs C-). The 
OPG transcript level remained unchanged after Hp7G treatment. 
Concerning RANKL, after 24 h of treatment, the mRNA level 
remained unchanged in C+ conditions and was decreased only by 
Hp7G10 (1.25-fold; p < 0.05 vs C-). However, after 48 h of 
treatment, the decrease was observed in every condition at the same 
rate, even in C+ medium (2.00-fold; p < 0.05 vs C-) (Figure 5B). 

Noggin, BMP2, and BMP4 expression. The expression of 
Noggin was strongly down-regulated in C+ medium whatever the 
time of exposure (24 h, 3.56-fold; 48 h, 15.60-fold;/? < 0.05 vsC-). 
Hp7G, at both doses, was also able to significantly decrease 
Noggin mRNA level after 24 h (Hp7Gl, 1.23-fold; Hp7G10, 
1.27-fold; p < 0.05 vs C-) and 48 h of treatment (Hp7Gl, 1.61- 
fold; Hp7G10, 1.70-fold; p < 0.05 vs C-) (Table 2). 

Regarding BMP2 and BMP4, only BMP4 mRNA level after 
24 h of treatment was significantly up-regulated in C+ medium 
(1.47-fold; p < 0.05 vs C-). After 24 h of exposure, BMP2 and 
BMP4 expression was not affected by Hp7G treatment, while 
after 48 h, a decreased BMP2 messenger level was measured for 
Hp7Gl (1.45-fold down-regulated; p < 0.05 vs C-) (Table 2). 

Smadl andSmadS Expression. Expression of both genes was 
down-regulated in C-h medium {p < 0.05 vs C-). Smadl 
transcript level was not changed by Hp7G treatment, while 
Hp7G at both doses down-regulated Smad5 expression after 
24 h (1.23-fold; p < 0.05 vs C-); an increase was observed after 
48 h of exposure (Table 2). 

c-Jun and v-fos Expression. No significant difference in c-Jun 
expression was observed, whatever treatment and time of 
exposure. Regarding c-fos expression, only Hp7Gl was able 
to decrease the mRNA level after 24 h of treatment (L23-fo1d; 
p < 0.05 vs C-) (Table 2). 

ALP, OPN, and OCN Expression. ALP expression was not 
affected after 24 h of treatment. However, after 48 h of exposure, 
expression of ALP was upregulated in all conditions (C+, 1.30- 
fold; Hp7Gl, 1. 45-fold; Hp7G10, 1.39-fold; p < 0.05 vs C-) 
(Table 2). 

In the C+ medium, while a significant decrease of OPN expres- 
sion was observed at both times, OCN expression was strongly 
upregulated (24 h, 2.20-fold; 48 h, 9.45-fold; p < 0.05 vs C-). 
Hp7G did not have any influence on OPN expression whatever 
the dose and time of exposure. OCN expression was significantly 
upregulated in Hp7G10 (1.31-fold; p < 0.05 vs C-) after 48 h of 
treatment (Table 2). 
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Figure 5. Gene expression of (A) Runx2 and Osterix (B) OPG and RANKL in primary osteoblasts cultured in minimal medium (C-), supplemented with 1 fM 
(Hp7G 1 ) or 1 0/iM (Hp7G 1 0) hesperetin 7-O-glucuronide, or in optimized medium (C+) . Results are presented as fold change compared to C- (dashed line) 
after 24 and 4B h of exposure. Results are expressed as mean ± SEM. 'p < 0.05 vs C- 24 h; *p < 0.05 vs C- 48 h. 
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8 Primary osteoblasts cultured in minima! medium (C-) t supplemented with 
1 (Hp7G1) or 10 fM (Hp7G10) hesperetin 7-Oglucuronide or in optimized 
medium (C+) after 24 h and 48 h of exposure. Results are presented as fold change 
compared to C- (value = 1 .00) after 24 or 48 h of exposure. Results are expressed 
as mean ± SEM. 'p < 0.05 vs C- 24 h. *p < 0.05 vs C- 48 h. 

Effect of Hp7C on the Phosphorylation of Smadl/5/8 and 
ERK1/2 Proteins. Phosphorylation of Smadl/5/8 and ERKl/2 



Figure 6. Phosphorylation of (A) Smad1/5/B proteins and (B) ERK1/2 
proteins in primary osteoblasts cultured in minimal medium (C-), 
supplemented with 1 juM (Hp7G1) or 10 /*M (Hp7G10) hesperetin 7- 
Oglucuronide, or in optimized medium (C+) after 24 and 48 h of exposure. 

proteins was assessed by Western blotting on cell lysates from 
cells treated for 24 and 48 h (Figure 6A and B). The antibodies 
anti-Smad 1/5/8 and antiphospho-Smadl/5/8 used in the 
Western blot analysis can recognize three Smad proteins, 
1, 5, and 8. Because of the specificity of antibodies as well as 
the expression of proteins, two or three bands may be visible. 
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The observations reported here are qualitative and not quanti- 
tative. 

C+ and Hp7G at both doses could decrease the phosphoryla- 
tion of Smad 1/5/8 after 24 h of treatment; the strongest effect was 
obtained with Hp7Gl. On the contrary, after 48 h of exposure, 
phosphorylation of Smad 1/5/8 seemed to be enhanced byHp7Gl 
(Figure 6A). 

Concerning ERKl/2, phosphorylation was decreased in Hp7G 
conditions compared to that in C— , while no difference between 
C- and C+ was detected after 24 h of exposure. Phosphorylation 
of ERK1/2 after 48 h of treatment was lower than that after 24 h 
of exposure, and moreover, no differences between conditions 
could be detected (Figure 6B). 

DISCUSSION 

It has been previously demonstrated that hesperetin (aglycone 
form of hesperidin) can influence bone formation via stimulation 
of osteoblast differentiation mainly through the BMP path- 
way (7). In this study, we focused on the potential effects of 
hesperetin-7-<9-glucuronide, its main metabolite, on the same 
experimental model. Indeed, the circulating forms may possess 
different biological properties within cells and tissues compared 
to those of polyphenol aglycones {24). 

Cellular Uptake. Activation of cell signaling can occur via 
different ways including an interaction of a compound with a 
receptor on the cell surface and/or by interaction with extracel- 
lular proteins (9). However, some nutrients which are able to 
enter cells through a transporter mediated process or by passive 
diffusion may directly interact with transcription factors, thus 
affecting the target gene expression (25). It has been shown that 
aglycone forms of flavonoids can cross cell membranes by passive 
diffusion, whereas conjugates need active transport (9, 26). In 
primary rat osteoblasts, we observed that the cellular uptake of 
Hp was definitely more efficient than that of Hp7G, which was 
too limited to be unambiguously demonstrated in our conditions. 
We only observed (i) a small increase of Hp7G hydrolysis in the 
medium when cells were present compared to when Hp7G was 
incubated in cell-free medium and (ii) traces of Hp7G in the cell 
extract after 24 h of exposure to glucuronide, which may also 
reflect binding to cell membranes. Primary cell osteoblasts may 
lack efficient transporters to facilitate the uptake of flavonoid 
glucuronides. However, these cells were shown to export Hp7G in 
the medium after Hp exposure (Figure 1), which shows that 
primary osteoblasts are able to glucuronide Hp as shown for 
Caco-2 cells {27,28) and fibroblasts (//), and possess transporters 
to efficiently export flavonoid glucuronides. Our results thus 
suggest a very transient presence of Hp7G inside the primary 
rat osteoblasts after either Hp or Hp7G exposure. This transient 
presence was nevertheless associated with a positive effect on cell 
differentiation when osteoblasts were exposed to glucuronide. 

Effect of Hp7G on Osteoblast Proliferation and Differentiation. 
This study has assessed the impact of a hesperetin conjugate on 
osteoblast cells at nutritional and physiological concentrations 
(1 and 10 /xM). The choice of nutritional doses led to significant 
cellular responses but were quite small. 

In our experimental conditions, Hp7G, similarly to its agly- 
cone form (7,2°) and to other polyphenols (30-32), did not affect 
osteoblast proliferation (Figure 3) but was able to influence 
osteoblast differentiation (Figure 4). Even if Hp7G decreased 
ALP activity on day 5, which could reflect a faster commitment of 
these cells compared to the cells cultivated in minimal med- 
ium (ii), the final effect of treatment is crucial to interpret results. 
Hp7G at 1 (on days 14 and 19) and 10 fM (on day 19) 
increased ALP activity, which can also play a role in osteoblast 
mineralization probably by a release of the phosphate necessary 



for calcium nodule formation (34,35). Surprisingly, Hp7Gl was 
more efficient than Hp7G10, whereas hesperetin at the 10 /M 
dose was more efficient than 1 fiM (7). Moreover, Hp7Gl 
increased ALP activity from day 14, while Hp7G10 was only at 
day 19. Again, this was inversed when cells were exposed to 
hesperetin (7). In other studies, similar dose-dependent patterns 
of ALP activity in osteoblasts exposed to different aglycone 
compounds were reported (30, 36); however, data with their 
corresponding metabolites are still lacking. This is probably 
because conjugated molecules are not commercialized (24). How- 
ever, the glucuronide form of hesperetin was more efficient than 
the aglycone parent form in stimulating osteoblast differentiation 
as previously assessed (7). The same observation was reported for 
quercetin and its glucuronide in HUVEC cells (J7). This kind of 
experiment supports the fact that conjugates can share physiolo- 
gical bioactivities, even if they are poorly or not absorbed by 
cells (28). 

Possible Signaling Pathways Involved in Hp7G Action. Gene 
expression was analyzed after 24 and 48 b of exposure. In our 
experimental conditions, a stronger effect on gene expression was 
o bserved after 48 h of treatment (Figure 5 and Table 2), suggesting 
that the duration of exposure may influence the gene response. 
For almost all genes evaluated, the level of mRNA appeared to be 
similar for 1 and 10 Hp7G. Tt can be hypothesized that the 
effective dose of Hp7G to modulate bone related genes in primary 
osteoblasts is 1 //M, this being consistent with ALP findings 
(Figure 3). However, this does not exclude the higher efficacy of a 
lower dose of glucuronide and should therefore be evaluated. 

In our experimental conditions, ALP and OCN mRNA levels 
were increased after 48 h of Hp7G treatment (Table 2). Expres- 
sion of these genes may be regulated by Runx2 (38). Moreover, 
Hp7G was able to upregulate the expression of not only Runx2 
but also Osterix (Figure 5A), which are two main transcription 
factors related to osteoblasts (14) and are involved in BMP (39) 
and MAPK signaling (75, 40). Similar results were obtained for 
some polyphenol aglycones such as hesperetin (7), resvera- 
trol (41), and epipllocatechin gallate (EGCG) (42). 

Mechanisms of interaction with Runx2 are complex, including 
binding of components such as AP-1 factors and Smad proteins 
to DNA regions in target gene promoters. Regarding Smad 
phosphorylation, Hp7G 1 seemed to increase the phosphorylation 
of the Smad 1/5/8 complex after 48 h of exposure (Figure 6A). This 
result is consistent with those of several authors who have 
demonstrated the possible phosphorylation of the Smad 1/5/8 
complex in osteoblasts treated with some polyphenols such as 
myricetin (30) and couraarin derivates (31,43). This suggests that 
the BMP pathway via the activation of Smad 1/5/8 may be 
implicated in Hp7G action even if BMP2 and BMP4 gene 
expression was not increased (Table 2), contrary to previous 
findings concerning some polyphenols (30, 31 , 36,43, 44) includ- 
ing hesperetin (7). This could be due to the fact that aglycones and 
not conjugates were used. However, in this study, the hesperetin 
metabolite decreased expression of Noggin, one of the osteoblast 
secreted proteins which can limit the level of BMP signals (45), 
supporting the hypothesized interaction of hesperetin glucuro- 
nide with the BMP pathway. 

The effects of Hp7G on c-Jun and c-fos (components of 
complex AP-1), and on ERK1/2, both implicated in the MAPK 
cascade, were assessed. In our experimental design, the glucur- 
onide could only slightly decrease c-fos gene expression and was 
able to decrease the phosphorylation of ERK1/2 after 24 h of 
exposure, while no effect after 48 h was reported (Figure 6B). On 
the contrary, it has been shown that some coumarin aglycones at 
10 fiM were able to stimulate the phosphorylation of ERK1/2 in 
primary rat osteoblasts after 12 h of exposure (31). However, the 
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Figure 7. Signaling pathways implicated in the regulation of osteoblast 
differentiation. Asterisks O mark the obtained effect of hesperetin-7- 
O-glucuronide (Hp7G) on gene expression involved in osteoblast differentia- 
tion, in our experimental conditions (see Table 2 and Figure 5 for details). 

phosphorylation of ERK1/2 in MC3T3-E] osteoblast exposure 
to EGCG (10-30>M) for 60 m in remained unchanged compared 
to that ofnontreated cells {46). Regarding our results, it is difficult 
to draw a clear conclusion about an interaction of Hp7G with 
MAPK signaling. It could be possible that aglycone forms can 
activate MAPK signaling including JNK, ERK1/2, and p-38 
MAPK because they activate some of the phase II drug-metabo- 
lizing enzymes which are responsible for their conjugation (47). In 
the case of glucuronides, these enzymes are not necessary. This 
could explain why Hp7G failed to activate MAPK/ERK signal- 
ing. Thus, different signaling pathways may be activated com- 
pared to those in aglycones. 

A further important outcome of this study is the finding that 
the hesperetin conjugate is able to decrease the gene expression of 
RANKL while at the same time not change OPG expression 
(Figure 5B). These results suggest that Hp7G may be able to limit 
osteoclast activation, as previously shown for daidzein and 
genistein (48). 

Conclusions. Our data demonstrated that hesperetin glucuro- 
nide is able to affect osteoblast differentiation at nutritional and 
physiological doses. Indeed, Hp7G may act on osteoblasts mainly 
through Runx2 and Osterix activation by molecular mechanisms 
not well identiGed (Figure 7). It is possible that these transcription 
factors could interact with the BMP cascade and/or MAPK 
signaling. However, further mechanistic studies are necessary to 
confirm this hypothesis. 

ABBREVIATIONS USED 

ALP, alkaline phosphatase; AP-1, activator protein 1; BMP, 
bone morphogenetic protein; ERK, extracellular signal-regulated 
kinase; Hp, hesperetin; Hp7G, hesperetin-7-O-glucuronide; 
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated pro- 
tein kinase; OCN, osteocalcin; OPG, osteoprotegerin; OPN, 
osteoponttn; RANKL, receptor activator of nuclear factor- 
kappaB (RANK) ligand. 
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